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ABSTRACT 


Preliminary  designs  are  evolved  for  fire  large  logistic  V/STQL  con¬ 
figurations.  Structural  elastic  characteristics  and  mass  distributions 
are  calculated.  The  structural  dynamic  response  is  investigated  for 
ground  landing,  take-off  abort,  maneuvers,  gust  penetration  and  landing 
conditions.  The  results  of  this  investigation^are  tabulated  in  a 
matrix  shoving  the  degree  and  relative  criticalness  for  the  conditions 
and  the  V/STQL  configurations.  The  degree  of  criticalness  is  established 
as  the  ratio  of  the  peak  dynamic  loading  and/or  stress  to  the  values  used 
in  the  configuration  design  structural  study.  The  latter  structural  loads 
and/or  stresses  are  evolved  through  the  use  of  existing  military  specifi¬ 
cations  or  normal  design  practices. , 

The  most  critical  structural  design  condition  was  found  to  be  the 
take-off  run  of  the  ground  handling  condition  and  is  analyzed  in  further 
detail.  The  detail  analysis  consists  of  analyzing  the  rigid  and  elastic 
body  response  from  a  ten  inch  l-cosine  dip  at  lift-off  speed.  Wing 
bending  and  torsional  loads,  nose  and  main  gear  loads,  and  center  of 
gravity  accelerations  are  calculated.  Time  histories  of  all  loads  and 
accelerations  are  shown  for  a  dip  wave  length  to  landing  gear  wheel  base 
ratio  of  3*0.  A  parametric  study  is  included  for  X/A  ratios  of  1  to 
3.8  to  show  the  effect  on  the  various  structural  components. 

Energy  absorbing  devices  are  evolved  to  reduce  the  criticalness  of 
towing  and  to  minimize  the  effects  of  dips  an  the  aircraft  structure. 

Conclusions  of  the  contents  of  this  report  are  reached  and  recom¬ 
mendations  made  for  further  study  items. 

The  report  may  be  used  as  a  guide  in  the  structural  dynamic  response 
of  large  logistic  V/STQL  aircraft  to  enable  the  designer  to  minimise  the 
structural  weight  and  further  increase  the  efficiency  of  such  type  air¬ 
craft  . 


This  technical  documentary  report  has  been  reviewed  and  is  approved. 

<■<1 itCl  '/ 


WALTER/3.  MUTTw 
Asst,  tot  Research  &  Technology 
Vehicle  Dynamics  Division 
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M*j,  unsprung  nass  of  nose  gear,  3lurs. 

M.TQ,  mass  above  nose  gear  oleo,  3lugs . 

MfJT»  nose  rear  tire  rass,  slugs. 

Mp ,  incremental  mass  at  point  P,  slugs. 


fy,  wing  nass  natrix. 

Mab,  nass  tensor. 

Mc,  airfoil  section  critical  Mach  number. 

Mcr,  cruise  Mach  number. 

H|  2,  3, . n,  inasses  assirmed  to  fuselage  stations,  slugs. 

N0,  input  factor  of  acceleration  in  towing  condition. 

Mjj,  desired  limitation  on  input  to  aircraft  for  towing  condition. 

Nz,  vertical  load  factor,  g's# 

n,  number  of  props  or  fans. 

I5,  arbitrary  point  on  fuselage. 

PE,  potential  energy,  lb-ft. 

PL,  payload  lbs. 

2 

q,  slipstream  dynamic  nressure,  Ibs/ft. 


G.  (L/D)  tox.,  free  3trean  dynamic  pressure  at  the  speed  for 
maximum  lift  to  drag  ratio,  lbs/ft, ^ 

q . ,  fuse  lace  imorr.ble  coordinate. 

q0,  absolute  vertical  notion  of  center  of  cravitv,  ft. 

2 

q  ,  free  stream  dynamic  .pressure,  lbs /ft. 

?j*b,  naximun  incremental  body  g's^ 
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V  maximum  wing  acceleration,  g's. 

qa,  coordinate  tensor  including  translntory  and  rotory  displacements, 
q^-,  modal  shape  of  the  ibb  coordinate  tensor. 

^1,  2  3  n*  abso^-ute  fuseiffge  coordinates 

q^  2,  3 . n»  relative  fuselage  coordinates. 

q^,  absolute  vertical  motion  of  the  nose  gear  oleo  and  tire,  ft. 

qj,  absolute  vertical  motion  of  the  main  gear  oleo  and  tire,  ft. 

q^,  absolute  horizontal  motion  of  the  nose  gear  oleo,  ft. 

R,  aircraft  range,  miles. 

RATO,  Rocket  Assist  Take-Off,  115,700  lbs  for  U.68  sec^rise  time  of 
0.5  sec. 

Rf,  structural  response  factor. 

S,  wing  area,  ft  7 

S^,  bending  stress,  lbs/in? 

Sg,  shear  stress,  lbs/in^. 

Su,  moment  unbalance  about  nose  gear,  slug-ft. 

s,  number  of  semi -chords. 

sfc,  specific  fuel  consumption  lbs/BFP/hr. 

T,  thrust,  lbs. 

TV,  torsional  moment,  in-lbs. 

Tc,  thrust  coefficient  based  on  slipstream  velocity  =  l-^»o/q^. 

Tgp,  thrust  horsepower. 

Tj,  vectored  jet  thrust,  lbs. 

Tj0,  static  vectored  jet  thrust,  lbs. 

T,r,  natural  period,  sec;  ... 

To,  static  prop  thrust,  lbs;-.. 

Tgfc,  thrust  specific  fuel  consumption,  lbs/lb/hr, 

Tv,  vertical  jet  thrust,  lbs. 
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t,  time,  sec. 

t0,  time  for  ground  run,  sec. 
tp,  critical  pulse  time,  sec. 

t^,  time  at  ihe  end  of  transition,  controls  are  positioned  for 
climb-out,  sec. 

t0^,  transition  interval,  sec. 

t^j,  cllmb-out  interval,  sec. 

t ^ i  time  at  the  instant  the  aircraft  reaches  the  50  ft.  obstacle,  sec. 

t^,  tira  to  reach  peak  gust  acceleration,  sec. 

t^,  time  duration  of  wheel  penetration  in  runway  dip,  sec. 

U,  gust  velocity,  ft/sec. 

UL,  useful  load,  lbs. 

V,  aircraft  forward  velocity,  ft/sec.  or  knots. 

Vc,  horizontal  climb  velocity,  ft /sec. 

VL0»  aircraft  lift-off  velocity,  ft/sec.  or  knots. 

V0,  horizontal  initial  velocity  for  any  part  of  the  flight  path, 
ft/sec. 

V£,  aircraft  sinking  velocity,  ft/sec. 

v,  induced  velocity  in  the  propeller  plane,  ft/sec. 

re,  exit  dowrwash  velocity  (jet  engines),  ft/sec. 

^ ,  fully  developed  induced  velocity  =  2v,  ft/sec. 
f,  aircraft  design  gross  weight,  take-off  weight,  lbs. 

W,  average  gross  weight,  lhs. 

Wcr,  crew  weight,  lbs. 

Wg,  weight  empty,  lbs. 

Wfc,  cruise  fuel  weight,  lbs. 

Wi,  weight  at  i^  coordinate,  lbs. 

WQ,  maximum  or  overload  STOL  weight,  lbs. 
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Wp,  propulsion  system  weight,  lbs. 

wg,  wing  loading,  lbs/ft ^ 

ws,  average  wing  loading,  lbs/ft^. 

Wfu,  fuselage  width,  ft. 

X,  maximum  longitudinal  input  acceleration  of  towing  vehicle,  g's# 

x,  horizontal  distance,  ft. 

xa,  ratio  of  flap  width  to  chord. 

x^,  location  of  coordinate  along  x  axis. 

Xf,  flap  width,  ft. 

XyQ,  main  gear  static  oleo  deflection,  in. 

Xjfp,  main  gear  static  tire  deflection,  in. 

x^q,  nose  gear  static  oleo  deflection,  in. 

XjjT*  no3e  £ear  static  tire  deflection,  in. 

x  ,  horizontal  motion  of  the  center  of  gravity,  ft. 
o 

Xp,  horizontal  motion  of  the  arbitrary  point  P ,  ft. 

Xfoot *  coordinate  of  wing  elastic  axis. 

X]_,  absolute  horizontal  motion  of  the  nose  gear  ,  ft. 

jq.,  relative  horizontal  notion  between  nose  gear  tire  and  oleo  ,  ft. 

Xj,  relative  horizontal  motion  between  main  gear  tire  and  oleo  ,  ft. 

y^,  location  of  coordinate  along  y  axis. 

yr00t»  coordinate  of  wing  root  section. 

Z,  vertical  distance  ,  ft. 

Z^t  bending  sectior  modulus ,  in^ 

Zp,  absolute  vertical  motion  of  the  arbitrary  point  P,  ft. 
torsion  section  modulus,  in  3 
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7.^t  relative  vertical  motion  acro3L  nose  gear  oleo  ,  ft. 

relative  vertical  motion  across  main  gear  oleo,  ft. 

23,  relative  vertical  motion  of  nose  gear  tire  with  respect  to  ground, ft. 

2^,  relative  vertical  motion  of  main  gear  tire  with  resoect  to  ground, ft. 

Z,  aircraft  vertical  acceleration,  ft/sec? 

Zy,  vertical  distance  main  gear  penetrates  dip,  ft. 

Zjj,  vertical  distance  nose  gear  penetrates  dip,  ft. 

*VG-  vertical  acceleration  at  the  main  gear,  ft/sec^. 

Zq,  vertical  acceleration  of  center  of  gravity,  ft/sec^. 

. '  «  .2 

**Z3g,  change  in  vertical  steady  state  acceleration,  ft/sec . 

fuselage  pitching  coordinates  with  respect  to  ground. 

°*F  (x>  y,  t)  fuselage  relative  pitching,  free-free  mode,  a  function 

of  x,  y,  and  t. 


fuselage  angle  of  attack  with  respect  to  the  horizontal,  degrees. 

©<j»0,  fuselage  angle  of  attack  during  the  ground  run  ohase,  degrees. 

°*fl>  angle  of  attack  at  the  end  of  transition,  degrees. 

o<9,  angle  between  resultant  slipstream  velocity  and  horizontal,  degrees. 

wing  pitching  coordinate  with  respect  to  ground. 

oCjj  (x,  y»  t)  wing  relative  pitching,  free-free  mode,  a  function  of 
x,  y,  and  t. 


©<w,  wing  angle  of  attack,  degrees. 

,  airfoil  lift  slooe,  radians. 

clink)  path  angle,  degrees. 

y  i ,  far.  area  ratio  =  A^/A^. 

S,  tow  bar  useful  stroke,  ft. 

C 

°F,  flap  deflection,  degrees. 

&LG,  average  landing  gear  deflection,  ft. 
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C 

°M,  main  gear  stroke  ft. 

nose  gear  stroke,  ft. 

Sw,  wing  unbalance  matrix. 

£  ,  ratio  of  fan  turbine  blade  length  to  fan  diameter, 
jj,  normal  node  coordinate  of  the  mode. 

,  propulsive  efficiency  including  transmission  losses  ,  crui3e. 

^  y,  main  gear  efficiency, 
nose  gear  efficiency. 

t^0,  static  prooulsive  efficiency'  including  transmission  losses. 

wing  efficiency  factor  =  .95  to  .98  (does  not  include  variations 
of  f  with  angle  of  attack). 

0,  angle  between  the  thrust  vector  and  the  horiaontal,  degrees. 

©i,  fuselage  ignorable  coordinate. 

6o,  thrust  tilt  angle  during  ground  run,  degrees. 

0y,  pitching  motion  at  the  center  of  gravity,  degrees. 

©1,  thrust  tilt  angle  at  the  end  of  transition,  degrees. 

A  4  chord  sweeoback  angle,  degrees. 

runway  dip  wavelength,  ft. 

^1,  wing  taper  ratio  =('t/'r  • 

^ y,  non-dimensional  mass  parameter. 
yU  ,  transformation  matrix  . 
p  ,  air  density,  slugs/ft 2 
sign  of  = 


P 2*  sicn  of*2  =  1^2  I #2  • 

T*,  ratio  of  instantaneous  to  steady  state  braking  force. 

exponent  of  equivalent  parasite  drag  function  . 

^ ,  angle  of  inclination  of  aircraft  in  tail  down  landing,  degrees. 
^Fi  ,  normalized  fuselage  bending  shape. 
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0  normalized  wing  bending  ch°pe. 

—  .  2 

*  =  cFE»  ft/sec, 

60,  frequency,  r^d/sec. 

natural  frequency,  r r.d/?rrt 

trlx  rotation 

matrix  array. 


column  matrix. 


row  matrix. 


prime  indicates  transpose  of  a  matrix. 
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i.  introduction 

The  purpose  of  this  study  ig  to  investigate  and  determine  analyti¬ 
cally  the  critical  structural  dynamic  response  conditions  and  governing 
parameters  for  one  class  of  V/STOL  aircraft.  This  information  will  aid 
the  V/STOL  aircraft  designer  in  optimizing  the  structural  configuration 
and  structural  weight  resulting  in  a  reduced  take-off  gross  weight  and 
power  required  or  an  increase  in  payload. 

The  particular  class  of  V/STOL  aircraft  selected  was  a  large  logistic 
transport  tyre  capable  of  carrying  20,000  lbs.  of  cargo  and  having  a  1800 
nautical  mile  range. 

Five  configuration  types,  as  described  in  Section  II,  were  selected 
so  as  to  provide  an  examination  of  the  relative  structural  dynamic  re¬ 
sponse  problems  involved  in  the  large  logistic  transport  class  of  V/STOL 
aircraft. 

The  initial  part  of  this  study  is  to  determine  the  structural 
arrangement  of  the  five  configuration  types  through  preliminary  design 
procedures.  This  involves  an  aerodynamic  and  weight  analysis  to  resolve 
the  size  and  performance  of  the  aircraft*  The  scope  of  this  study  per¬ 
mits  only  a  limited  type  of  iterative  process  in  determining  the  config¬ 
uration  design  and  is  only  of  sufficient  scope  to  allow  a  relative  struc- 
ural  study.  V.’hile  the  results  of  such  a  preliminary  design  dt>  show  rel¬ 
ative  gross  weights  and  performance, it  must  be  emphasized  that  the  purpose 
of  this  study  is  limited  to  dynamic  structural  response  and  is  not  of 
sufficient  scope  for  use  in  overall  design  evaluation.  For  the  purposes 
of  this  study  the  configuration  types  are  simplified  and  altered  from  a 
basic  configuration,  only  where  necessary,  to  represent  each  of  the  part¬ 
icular  types  in  this  class  of  aircraft. 

From  the  preliminary  design  analysis,  which  establishes  the  config¬ 
uration  structural  arrangement,  the  structural  and  elastic  properties  of 
the  fuselage  and  wing  are  evolved  using  ^static"  flight  and  pround  loading 
conditions.  Thus, the  basic  structural  and  weight  data  become  available 
for  use  in  the  required  structural  response  studies. 

In  a  parallel  effort  a  review  of  methods  of  analysis  and  the  app¬ 
licability  to  the  part'cular  tynes  of  V/STOL  aircraft  is  made.  It  was 
decided  that  for  the  initial  investiration  existing  methods  are  of  suff¬ 
icient  "cone  to  analyze  for  structural  response  and  the  results  of  such 
analyses  vould  point  out  areas  for  further  consideration  and  detailed 
analysis.  However,  while  techniques  exist,  there  is  the  requirement  of 
assembling  the  various  portions  into  programs  that  apply  to  the  specific 
+  'qx»s  of  structures  used  in  this  study. 

The  next  portion  of  the  study  was  to  review  the  types  of  configur¬ 
ations  and  select  the  conditions  and  *he  aircraft  node  (VTOL  cr  STOL)  to 
be  investigated.  The  conditions  inv<- cti ^ated  were  selected  by  anticipat¬ 
ing  the  problems  that  would  be  encountered. 


In  general,  discrete  types  of  loadings  were  selected  in  order  to 
arrive  at  the  maximum  structural  response*  The  particular  conditions  ore 
(l)  Ground  Handling  (2)  Take-Off  Abort,  (3)  Flight  Maneuver,  (4)  Gust 
Penetration,  and  (5)  landing. 

The  resulting  investigation  yields  a  matrix  of  analyses  consisting 
of  eight  conditions  and  five  types  of  V/STOL  configurations.  The  results 
of  the  load  analyses  are  the  maximum  gear  loads,  maximum  wing  root  load¬ 
ings,  and  the  ability  to  land  after  an  aborted  take-off.  For  some  of  the 
conditions,  such  as  the  take-off  abort  and  the  landing  condition,  the 
results  are  relative  capabilities  or  comparisons  with  other  load  con¬ 
ditions. 

The  matrix  of  analyses  that  results  in  comparative  loads  or  capabil¬ 
ities  is  resolved  into  a  form  for  direct  evaluation  in  terms  of  degree  of 
cr’ ticalness.  The  degree  of  criticalness  is  established  by  the  ratio  of 
the  dynamic  and  steady  state  loading  or  stress  to  the  normal  ultimate 
flight  or  ground  loads  used  in  the  preliminary  structural  design  of  the 
aircraft.  The  degree  of  criticalness  can  be  relatively  assessed  by  the 
numerical  values  for  the  type  of  loadings. 

The  most  critical  or  most  pertinent  problems  were  chosen  for  detail 
investigation  as  a  result  of  the  matrix  of  analyses.  While  majy critical 
results  are  found,  the  scope  of  this  study  did  not  permit  going  further 
into  detail  analysis  for  all  critical  conditions.  The  results  found 
from  the  matrix  of  analyses  shows  that  the  most  critical  condition  is 
starting  and  stopping  while  towing.  However,  since  towing  conditions  are 
controllable,  in  that  the  initial  input  acceleration  by  the  vehicle  can 
be  limited  or  a  safety  device  can  be  incorporated  in  the  tow  bar  (see 
fectlon  VI,  Special  Design  Considerations),  Thus,  this  condition  can  be 
eliminated  from  the  critical  list* 

The  next  most  critical  condition,  taxiing  and  take-off  run,  cannot 
be  lerislated  out  due  to  the  requirements  of  rough  field  landing  of  which 
the  dip  analysis  represents  a  first  approximation •  The  structural  re¬ 
sponse  will  be  more  critical  for  the  runway  dip  condition  since  the  wing 
structures  have  elastic  body  frequencies  which  are  very  close  to  their 
rip-id  body  frequencies.  It  is,  therefore,  concluded  that  the  taxi  and 
t?l:e-off  run  condition  is  the  most  critical.  A  detail  dip  analysis  is 
necessary  to  ascertain  more  accurately  the  loadin  s  and  the  effects  of 
these  loadinps  on  the  structure* 

From  the  matrix  of  analyses  for  the  investigations  and  the  subse¬ 
quent  detail  analysis, special  design  considerations  were  produced.  These 
involved  the  use  of  augmenting  or  changing  the  landing  gear  system  to 
reduce  the  effects  of  structural  dynamic  response  and/or  to  minimize  the 
problem  involved  in  order  to  provide  landing  safety. 

The  recommendations  that  result  from  this  study  are  considered  nec¬ 
essary  to  minimize  the  anticipated  problems  that  were  investigated  for 
thir  class  and  type  of  ai -craft,  Hov.’cver,  some  of  the  items  nay  v:cll  be 
associated  with  other  classes  and  t^es  having  similar  problems. 


II.  DESCRIPTION  OF  V/STOL  CONFIGURATIONS 


Given  below  is  a  discussion  of  the  general  features  or  physical 
arrangements  which  are  common  to  all  five  V/STOL  configurations. 

The  V/STOL  aircraft  are  multi-engine  long  range  transports,  having 
tricycle  type  landing  gears,  capable  of  carrying  a  20,000  lb#  payload  1800 
nautical  miles.  The  fuselages  are  fabricated  from  aluminum  alloys  using 
semi— roonocoque  construction  and  are  typical  of  other  transport  aircraft 
in  this  payload  and  range  classification.  The  bending  and  torsional 
rigidity  of  the  fuselages  vary  since  the  gross  weights  vary,  and  it  was 
on  this  basis  that  rigidity  data  was  calculated  and  plotted  (Ref.  Table 
1  and  Figs.  11,  12,  13,  14,  15).  However,  the  structural  arrangements 
remain  essentially  unchanged.  The  fuselage  bending  and  torsional  rig¬ 
idities  are  obtained  by  comparing  the  unit  fuselage  shears  and  bending 
moments  of  the  specific  V/STOL  with  that  of  the  typical  aircraft  or 
reference  aircraft  mentioned  previously.  In  equation  form: 

Bending  Stiffness  V/3T0L=Bending Stiffness  Reference  Aircraft  times 

(B.M.  V/STOL)  *  " 

(B.M.  Reference 

and  Aircraft) 

Torsional  Stiffness  V/STOL  =  Torsional  Stiffness  Reference  Aircraft  times 

(Vertical  Shear  V/STOL) 

(Vertical  Shear  Reference  Aircraft) 

Calculations  of  fuselage  mass  distribution  were  determined  by 
assuming  10  panel  points  along  the  fuselage  length  (Ref.  Appendix  III 
Table  15  ).  The  load  distribution  of  the  V/STOL  configurations  are  pro¬ 
portional  to  that  of  the  reference  aircraft  and  the  differences  between 
the  mass  distribution  curves  are  a  result  of  the  differences  in  the 
weights  of  the  fuselage  and  contents. 

The  tricycle  landing  gear,  designed  by  a  2g  limit  load  factor,  con¬ 
sists  of  a  two-wheel  nose  gear  and  tandem  main  gears  which  retract  into 
the  fuselape.  A  retractable  ramp  in  the  rear  of  the  fuselage  provides 
the  means  for  loading  and  unloading  cargo.  Each  fuselage  is  approximately 
100  ft.  in  length  and  13.5  ft.  in  diameter  in  the  cabin  or  cargo  com¬ 
partment  and  each  configuration  contains  a  fan  in  the  tail  section  for 
pitch  control  for  the  VTOL  mode. 

The  win  s  consist  of  two-spar  aluminum  alloy  construction  (the 
Buried  Fan  is  three-spar)  with  the  spars  continuous  through  the  fuselage. 
The  wing  structure  is  designed  by  a  3g  limit  load  factor  produced  by  a 
maneuver  condition.  Bending  moments  are  reacted  by  the  spar  caps  and 
stringers  while  shear  loads  are  resisted  in  the  spar  webs  and  ultimately 
balanced  at  the  wing-fuselage  intersection.  Torsional  loads  are  reacted 
in  the  skins  and  webs  of  the  torque  cell  between  spars.  From  these  shear, 
loads  and  bending  moments  produced  by  this  maneuver  condition  wing  spars 
and  skins  gages  were  found  and  this  in  turn  determined  the  bending  and 
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torsional  rigidity  of  the  wing  structure  (Ref.  Figs.  6,  7,  8,  9,  10). 

The  STOL  performance  requirement  is  defined  as  the  ability  to  clear 
a  50  ft.  obstacle  using  a  1000  ft.  runway  at  a  gross  weight  greater  than 
the  VTOL  weight.  This  take-off  distance  will  vary  depending  on  the  con¬ 
figuration  and  it  was  subsequently  found  that  the  Buried  Fan  with  RATO 
(Rocket  Assist  Takeoff)  could  not  meet  the  1000  ft.  runway  STOL  speci¬ 
fication.  In  the  case  of  the  Tilt  Prop  and  Fixed  Jet  the  use  of  RATO 
(Ref.  Tablel4  )  is  necessary  in  order  to  utilize  the  maximum  take-off 
weight  and  meet  STOL  requirements. 

The  following  paragraphs  are  a  brief  discussion  describing  charac¬ 
teristics  which  are  peculiar  to  each  configuration  (Ref.  Table  14) • 

A .  Fixed  Jet 

The  Fixed  Jet  has  a  cruising  speed  of  400  knots  at  an  altitude  of 
38,000  ft.  and  is  powered  by  ten  direct  lift  jets  and  four  vectorable  thrust 
turbofan  engines.  The  design  gross  weight  is  172,000  lbs.  in  the  VTOL  mode 
which  includes  52,520  lbs.  of  fuel,  stored  in  wing  tanks  between  spars  both 
inboard  and  outboard  of  the  lift  pods.  The  STOL  take-off  weight  is 
232,000  lbs. 

2 

The  wing  has  32  of  sweep  at  chord,  an  area  of  1650  ft.  ,  an 
aspect  ratio  of  8,0  and  a  wing  span  of  115  ft.  The  root  section  has  a 
thickness  ratio  of  18 %  while  outboard  of  the  lift  pods  a  15%  section  is 
used  and  allowed  to  taper  to  10%  at  the  tip.  High  lift  devices  include 
2056  chord  double-slotted  flaps  and  leading  edge  slats.  Because  of  sweep- 
back  a  bending  moment  distribution  of  60-40  is  assumed  to  act  on  the  rear 
and  forward  spars  respectively  near  the  wing  root. 

Ten  direct  lift  jets  and  four  vectorable  thrust  turbofan  engines 
with  an  Installed  thrust  of  221,000  lbs.  provide  lift  In  the  VTOL  mode* 

The  lift  jets  are  housed,  five  per  side,  in  a  pod  on  the  inboard  section 
of  the  wing  near  the  wing-fuselage  intersection.  The  vectorable  thrust 
turbofans  located  under  the  wing  are  primer ly  for  use  during  cruise  but 
contribute  23%  of  the  total  vertical  thrust. 

R..IUt.Hlng 

The  Tilt  Wing  has  a  cruising  speed  of  275  knots  at  an  altitude  of 
30,000  ft.  and  is  powered  by  eight  turboprop  engines.  The  design  gross 
weight  is  223,000  lbs  (in  the  VTOL  mode)  which  includes  68,075  lbs,  of 
fuel,  located  in  wing  tanks  between  spare.  The  STOL  take-off  weight 
is  334,000  lbs. 

2 

The  wing  of  this  transport  has  an  area  of  2365  ft.  ,  an  aspect 
ratio  of  9.0,  a  wing  spar,  of  146  ft.  and  employs  a  23021  airfoil.  High 
lift  devices  include  40%  chord  double-slotted  flaps  and  full  span  leading 
edge  slats.  A  tilting  mechanism  is  provided  to  rotate  the  wing  from  the 
normal  or  cruise  position  to  the  upright  or  VTOL  position. 
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The  propulsion  system  with  98,603  installed  hp.,  consists  of 
eight  turboprop  engines  which  drive  four  33  ft.  diameter  props.  The 
powerplant  installation  (2  engines  in  each  wing  nacelle)  delivers  a 
total  of  15,000  lbs.  of  thrust  at  cruise  conditions. 

C.  Extended  Flap 

The  Extended  Flap  has  a  cruising  speed  of  275  knots  at  an  alti¬ 
tude  of  30,000  ft.  and  is  powered  by  eight  turboprop  engines.  The  design 
gross  weight  in  the  VTOL  mode  is  263,000  lbs.,  including  77,500  lbs.  of 
fuel  stored  in  wing  tanks  between  the  spars.  The  STOL  take-off  weight 
is  394,000  lbs. 

2 

The  wing  has  an  aspect  ratio  of  10.3,  an  area  of  2600  ft.  ,  a 
span  of  164  ft.  and  utilizes  a  23021  airfoil.  High  lift  device  include 
40?  chord  double-slotted  flaps  and  full  span  leading  edge  slats.  A  tilt¬ 
ing  mechanism  is  installed  at  t^e  wing-fuselage  intersection  to  rotate 
the  wing  upward  a  maximum  of  30°  in  order  tc  deflect  the  airstream  to  the 
desired  anple.  Since  clearance  cannot  be  maintained  between  the  props 
and  ground  the  aircraft  must  land  with  the  wing  in  thin  rotated  position. 

The  powerplant  installation  produces  130,000  hp.  to  drive  four 

37.5  ft.  diameter  props.  Each  of  the  four  wing  nacelles  houses  two  tur¬ 
boprop  engines  connected  by  shafting  to  the  props  located  under  the  wing 
forward  of  the  leading  edge. 

D.  Tilt.  PrnnBlIflr 

The  Tilt  Propeller  has  a  cruising  speed  of  300  knots  at  an  al¬ 
titude  of  30,000  ft.  and  is  powered  by  eight  turbojet  engines.  The 
design  gross  weight  is  308,000  lbs.  (in  the  VTOL  mode)  including  108,000 
lbs.  of  fuel,  located  in  wing  tanks  between  spars  in  the  stationary  sec¬ 
tion  of  the  wing  and  over  the  fuselage .  The  STOL  take-off  weight  is 
462,000  lbs. 

2 

The  wing  has  an  aspect  ratio  of  6.6,  an  area  of  2560  ft.  ,  a 
span  of  130  ft.  and  uses  a  23021  airfoil.  High  lift  devices  include  40?' 
chord  double-slotted  flaps  and  full  span  leading  edge  slats.  A  mechanism 
is  installed  in  the  winrs  to  rotate  the  outboard  section  with  the  rotors. 
Due  to  the  large  diameter  of  the  rotors  the  aircraft  must  land  with  the 
rotors  inclined  or  in  the  VTOL  position  in  order  to  obtain  sufficient 
ground  clearance . 

The  propulsion  system  consists  of  sight  turbojet  engines  located 
on  top  of  the  wings  over  the  fuselage.  152,000  hp  is  supplied  to  the  two 

57.5  ft.  diameter  rotors  by  shafting  placed  in  the  wing.  Under  cruise 
conditions  the  rotors  develop  23,700  lbs.  of  thrust. 

E.  Buried  Fan 

The  Buried  Fan  has  a  cruising  speed  of  400  knets  at  an  altitude 
of  35,000  ft.  and  is  powered  by  sj.x  turbojet  engines.  The  design  gross 
weight  in  the  VTOL  mode  is  253,000  lb^.  including  94,500  lbs.  of  fuel  lo¬ 
cated  in  fuselage  tanks.  While  this  aircraft  has  n<^  STOL  capabilities 
within  specifications  a  maximum  or  STOL  weight  cf  380,000  lbs.  was 
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legislated  in  those  analyses  where  the  use  of  a  maximum  weight  is  war¬ 
ranted  • 

2 

The  wing  has  an  area  of  2800  ft,  ,  an  aspect  ratio  of  4.0,  a 
span  of  105  ft,  and  employs  a  23015  airfoil  with  13°  of  sweep  at  $  chord. 
The  thickness  ratio  is  15J>  from  the  root  to  a  point  between  the  inboard 
and  outboard  lift  fans  and  it  then  tapers  to  a  10jf  section.  High  lift 
devices  include  full  span  leading  edge  slats  and  20ft.  chord  double-slotted 
flaps.  Three-spar  construction  is  used  with  the  addition  of  a  "D"  spar 
as  the  leading  edge  to  assist  in  taking  torsion  loads  inboard  past  the 
fans.  The  torsional  rigidity  is  greatly  reduced  in  the  area  of  the  lift 
fans  since  it  is  assumed  that  no  wing  torsion  passes  through  the  fans. 

The  propulsion  system  consists  of  six  turbojet  engines  located 
on  top  of  the  wings  and  four  lift  fans  (15  ft.  diameter  fan  inboard  and 
a  12  ft.  diameter  fan  outboard)  placed  in  the  wings.  Under  cruise  con¬ 
ditions,  with  the  lift  fans  not  in  use,  the  six  jet  engines  produce 
20,650  lbs.  of  thrust.  In  the  VT0L  mode  147,500  lbs.  of  thrust  are 
delivered  to  the  fans  where  328,000  lbs.  of  vertical  lift  is  produced. 

The  analysis  and  procedures  used  in  determining  the  configuration 
design  of  each  aircraft  are  contained  in  Appendix  I.  The  analysis  es¬ 
timates  a  solution  meeting  design  requirements  considering  the  relative 
importance  of  such  parameters  as  take-off  weight,  aspect  ratio,  ST0L 
caoability,  wing  loading,  structural  efficiency  and  dynamic  response 
problems.  Since  a  general  solution  for  all  five  V/5T0L's  is  not  possible 
the  Tilt  Wing,  Tilt  Prop,  and  Extended  Flap,  being  propeller  aircraft, 
are  grouped  together  while  the  jet  types  are  considered  separately. 

The  three  view  drawings  of  the  five  V/^TOL  configurations  are 
contained  in  Figures  1  thru  5.  General  data  for  the  configurations  is 
provided  in  Table  3,  giving  geometrical  data,  landing  gear  spring  rates 
and  damping  constants  based  on  the  static  position  of  the  gears,  gross 
weights  in  VT0L  and  ST0L  modes, airfoil  lift  slopes,  lift-off  speeds,  and 
other  pertinent  data. 

The  wing  structural  properties  are  shown  in  Figures  6  through 
10.  The  structural  data  shows  the  section  moments  of  inertia  in  bending 
and  torsion  about  the  elastic  axis  of  the  wing. 

The  fuselage  structural  properties  are  shown  in  Figures  11 
thru  15  and  includes  section  moments  of  inertia  for  vertical  bending, 
lateral  bending,  and  torsion. 

The  wing  ultimate  shear,  bending-  and  torsion  loadings  from  a 
4.5  g  maneuver  are  contained  in  Figures  lb  thru  20.  The  fuselage  ul¬ 
timate  shear  and  bending  for  a  4.5  g  maneuver  are  contained  in  Figures 
21  thru  25. 

The  group  weight  statement  for  the  configurations  is  listed  in 
Table  17  which  is  a  portion  of  Appendix  III.  The  panel  point  weight  dis¬ 
tributions  of  fuselage  and  wing  are  listed  in  Tables  15  and  l6  . 

The  landing  gear  data  for  spring  rates  in  vertical  and  drag 
directions  and  the  damping  constants  are  contained  in  Table  1.  The  pro¬ 
cedure  for  determining  this  data  is  as  fellows: 
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Oleo  and  Tire  Surinr  Rates 

Oleo  and  tire  spring  rates  for  the  study  were  determined  by  scaling 
from  data  for  a  similar  type  existing  aircraft.  Shown  in  Fig.  26  is  a 
non-dimensional  force— deflection  curve  based  on  this  data.  The  ordinate, 
F/F  ...  ,  is  the  ratio  of  the  gear  force  output  to  the  force  under 

stat?cload  conditions.  The  abcissa  %  /  X  s+atic  is  the  ra!li?  of  oleo 
deflection  to  corresponding  deflection  under  static  load  conditions.  A 
non-dimensional  linear  spring  rate  in  the  neighborhood  of  the  static  load 
condition  can  be  calculated  and  is  found  to  be: 


=  7.2 


A  dimensional  spring  rate  can  be  obtained  by: 


(1) 


T  2  F  STATE. 

X  STATIC 


(2) 


A  summary  of  linear  oleo  spring  rates  and  static  gear  loads  and 
deflections  are  shown  in  Table  1  for  each  aircraft* 

Tire  spring  rates  were  also  obtained  by  scaling  from  existing  data* 
Fig.  27  gives  non-dimensional  tire  data  for  the  main  and  nose  gear* 

Again,  calculation  of  the  non-dimensional  linear  spring  rate  is  possible 
in  the  neighborhood  of  the  static  load  condition.  This  yields  the  follow¬ 
ing  constant* 


Again,  a  dimensional  coefficient  can  be  obtained  as  follows: 

9  £  —  |  a  F  stat*-.  ^ 

2X  X  static 

A  summary  table  of  tire  data  is  shown  in  Table  1.  Note  that  there 
are  four  tires  in  the  main  gear  carriage  and  two  tires  in  the  nos*  gear 
carriage . 

Oleo  Darnninp1  Coefficients 

Values  of  effective  linear  damping  were  chosen  for  the  main  and 
nose  gear  oleo  based  on  a  weight  scaling  procedure  similar  to  that  used 
for  establishing  the  olec  spring.  Original  data  for  scaling  was  taken 
from  similar  type  existing  aircraft. 

Refer  to  Table  1  for  values  of  damping  coefficients  used  in  this 
analysis. 
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The  fore  and  aft  rear  spring  rates  v;crc  scried  fro:'  linear  gear 
sprinr  rates  provided  by  data  on  a  similar  tyre  aircraft.  The  scaled 
pear  srrinr  rate  w as  arrived  at  using  the  follov/lng  equation  . 


K  =  KiTAT,c 


(5) 


where 


“Static 

^Static 

K 


pear  spring  rate  from  a  sLnilar  hype 
aircraft,  lba/ia. 

rear  reaction  fror.  the  similar  type 
aircraft,  lbs. 

pear  spring  rate  used  in  analysis  for 
a  particular  configuration,  lbs/in. 


-  pear  reaction  for  tart  corf ipuratior,  lbs. 


X  0  \ 

k  /j 
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FIGURE  2- TILT  V/ING  3-VlEW 
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figure  4-  tilt  prop  3-view 
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FIGURE  5  -  BURIED  FAN  3 -VIEW 
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?la~ir-e  1~*  -  Wing  Ultimate  Shears,  Moments  and  Torsions:  Tilt  Wing 


Figure  18  -  Wing  Ultimate  Shears,  Moments  and  Torsions:  Extended  FIe»t) 
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igure  20  -  Wing  Ultimate  Shears,  Moments  and  Torsions:  Buried  Fan 


Figure  21  -  Fuselage  Ultimate  Vertical  Shear  and  Bending  Moment  Diagram:  Fixed  Jet 


Figure  22  -  Fuselage  Ultimate  Vertical  Shear  and  Bending  Moment  Diagram:  Tilt  Wing 
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-  Fuselage  Ultimate  Vertical  Shear  and  Bending  Moment  Diagram;  '1  il t,  Pr  £ 
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Figure  27  -  Non-Dimensional  Spring  Hate  for  V/STOL  Main  and  Nose  Gear  Oleo 


Table  1 


!!otos:  1,  Kj,  K^,  C^,  and  are  values  for  both  main  pears. 

2.  *Legislat^d  f c.  analyses  where  necessary. 


III.  PRELIMINARY  STRUCTURAL  DYNAMIC  RESPOHSF 
INVESTIGATION  AND  ANALYSIS 


The  purpose  of  these  investigations  and  analyses  is  to  provide  a 
matrix  of  conditions  and  the  resulting  structural  dynamic  response.  This 
data  will  eventually  be  reduced  to  a  numerical  chart  that  will  provide 
the  desirner  with  a  guide  to  the  structural  or  operational  problems  in¬ 
volved  for  each  of  the  V/STOL  configurations.  In  addition,  the  matrix: 
of  analyses  will  point  out  the  most  severe  operating  condition  in  regard 
to  structural  response. 

The  parameters  chosen  are  discussed  in  detail  in  each  of  the  part¬ 
icular  analyses  as  to  the  initial  conditions  for  structural  investigation. 

In  order  to  provide  the  matrix  of  analyses  for  five  V/STOL  config¬ 
urations  and  eight  separate  parameter  conditions  it  has  been  necessary  to 
utilize  preliminary  design  analysis  methods.  Vithin  the  scope  of  xhis 
contract  investigation  the  preliminary  analysis  uses  only  linear  methods 
in  all  parameter  studies  and  the  results  form  only  a  guide  as  to  the 
structural  responses.  However,  in  such  a  large  matrix  of  analyses  the 
overall  picture  will  provide  a  basis  for  determining  the  subsequent  de¬ 
gree  and  relative  criticalness  of  the  configurations  and  the  parameters. 

The  structural  data  used  in  this  section  was  defined  and  listed  in 
the  preceding  section  II.  However  the  landing  condition,  Section  HIE, 
contains  the  analysis  of  gear  impact  loads  and  gear  stroke  which  are 
used  in  the  dynamic  response  analysis.  The  stroke  used  .or  condition 
HIE  is  the  result  of  considering  the  usual  MIL  Spec  requirement  (Ref.  2) 
which  was  required  to  furnish  a  basis  for  the  subsequent  impact  analysis. 

A.  Ground  Handling 

1.  Taxlinr  and  Take-Off  Run 

The  object  of  the  analysis  for  this  condition  was  to  determine 
the  degree  of  criticalness  of  landing  gear  loads  upon  entry  into  a  run¬ 
way  dip.  To  simulate  the  maximum  unprepared  runway  condition  a  10  in. 

1  —  cosine  dip  was  assumed  and  considered  to  be  a  once  in  a  spectrum 
type  load.  The  dynamic  response  analysis  was  made  by  numerically  inte¬ 
grating  the  equations  of  motion  in  an  IBM  digital  computer  lor  a  system 
vith  two  degrees  of  freedom  where  the  nose  and  main  landing  gear  oleos 
arc  assumed  to  act  as  linear  springs  and  dampers  in  the  vcrtica.1  direction. 

The  initial  condition  is  with  the  aircraft  in  forward  motion  at 
a  speed  not  exceeding  the  lift-off  speed  (Ref.  Table  l).  With  the  air¬ 
craft  constrained  to  ground  a  rigid  body  analysis  was  performed  as  a  pre¬ 
liminary  investigation.  The  system  is  represented  schematically  in  Fig. 

28  where  the  positive  sign  convention  and  coordinates  are  defined. 


Ref.  Table  1  ft  2  for  values  of  K>. ,  K^,  Ci,  C2,  a,  1  and  X 
Figure  28  -  Schematic  of  Aircraft  and  Runwa.-  Dir-  Geometry 


The  equation  of  the  dip  is: 

g-  -5(1 -COS  ) 

where  the  total  dip  amplitude  is  equal  to  10  inches. 

The  STOL  grass  weight  (Ref.  Table  l)  was  used  for  the  struc¬ 
tural  response  investigation.  The  take-off  speed  and  STOL  weight  for  the 
Buried  Fan  were  legislated  since  no  STOL  capability  for  this  aircraft 
exists  within  the  requirement  that  the  aircraft  have  the  ability  tc  take¬ 
off  over  a  50  ft.  obstacle  using  a  1000  ft.  runway.  An  approximate 
method  for  calculating  STOL  performance  is  contained  in  Appendix  II.  The 
objective  of  the  STOL  performance  analysis  is  tc  determine  at  what  over¬ 
load  gross  weight  each  aircraft  is  capable  of  meeting  STOL  requirements. 


The  following  is  a  derivation  of  the  equations  of  motion  of  the 
nose  and  main  gear.  The  absolute  vortical  motion  at  the  center  of  gravity 

is:  - 

&  *  *3+  2,  +(  ?■  +  *2  -*J  W-< 


where  Zj 


la  the  nose  gear  forcing  function 

and  “X.  -  Vt. 

Vo 

f-r  t^O 

^*-s(>-cos-aqy*-) 

for  Vv  t  fc.  0 

Vo 

for  t  */V 

and  Z.  is  the  main  gear  forcing  function. 
4 

z4=o 

^4  =  -5[l-CO',2^  (t  - 

o 


for  t  A  X/V 

for  *  X/V 

for  t  '£■(/  +  x)/ V 


(7) 


Also  the  pitching  notion  ct  the  center  of  gravity  is: 

The  kinetic  enerry  of  the  system  is: 

2ke  =  m  [i3+i,-t-(i4+H2-i3-?l(;  a/je] 

+*o  [( t.  +-4-2j-2.)A]2 

where  M  =  aircraft  mass,  slu^s,  calculated  fron  maximum  gross  weight. 

I  =  pitching  mass  noment  of  inertia  about  the  center  of  gravity j 

slug-ft.2 

a  —  horizontal  distance  between  nose  gear  and  center  of  gravity, ft. 
1  =  horizontal  distance  between  nose  end  main  gear,  ft. 

The  potential  energy  of  the  system  is: 

2PE  =.  K,  if + Kg  if  (9) 

where  =  nose  peer  spring  constant,  lbs/ft. 

Kp  =  no  in  pear  sprinp  constant,  lbs/ft. 

And  the  energy  dissipated  per  unit  time  is: 

2DE  C,  if  -hC2  e/  (l°> 

where  =  nose  pear  damping  coefficient,  lb.  sec. /ft. 

C2  =  main  gear  damping  coefficient,  lb.  sec. /ft. 

Expanding  equation  8  and  rearranging  terms: 

2KE  =  (11) 

+i£(M -2  Mo/* + + ^(frfjP+Xe,//?) 

"4' M  °ft (2  Mo/*- 

2Ma?/e2-  ^lo/i2 J  +  e3?2  (2Ma/je  -2  Moi ^ -2  IcA2, J  + 

£,  E,  (2  M  o/fc  -2  Mo?/ta-2loA2J  +  2*  (2  Ma^i  *  + 

2  Xe/j^j  +  ^  E2(2Mo/i  -  2  M  o^2  -  2 Xo/^2^ 

Taking  the  partial  derivative  of  the  kinetic  energy  in  equation  11  with 
rospcct  tr  g.  :  . 

9KE/3E,  =ElCM-2f^cx/^  +  M^//2-l-To/<a)'f-i3(M  — 

aMo/^+Ma2/?2^  Xo//)  +  4)(Ma/^  -Ma?/(2- 

XoA2)  +*  *2  (  Ma/e  “  Ma2/^2-XoA2  ) 


(12) 


If  we  let  =  (H  -  2H  o~/Jl  4  an(*  ^12“ 

then  we  can  substitute  A^  and  A-^  intc  equation  12  and  find  the  time 
derivative . 


4  A| 2.  %2,  4  ^ia  ^3*4  2.  ^4 


(13) 


Now  we  determine  the  partial  derivative  of  equation  9  with  respect  to  Z( 
and  equation  1C  with  respect  to  . 


a ee  - 

9f,  ‘ 


(u) 

(15) 


Adding  terms  from  the  three  energy  equations  we  arrive  at  the  Iagrange 
Equation  with  dissipative  force • 

MR)  +  ft' ft (16) 

Substituting  from  equations  13»14»  and  15  we  determine  the  equation  of 
motion  for  the  nose  gear* 

4  2*  4C|  +K|J|  *  *^1  (17) 


In  a  similar,  manner,  taking  the  partial  derivative  of  equation  H  with 
respect  to  j| 


If  we  let 
into  equa 


=  ( Maiyi*  4  X0  / Jl*  )  then  we  can  substitute  A  and  A^ 
18  and  find  the  tine  derivative. 


fl,a  $  +  fl|j  +  fl.a  V  fl(3  U  (19) 

Determining  the  partial  derivative  of  equation  9  with  respect  to 
and  equation  ID  with  respect  to  $2  * 


(20) 


•  a^.  *  c*  ia  (21) 

Using  the  sane  procedure  that  was  used  for  the  nose  gear  we  determine 
the  Iagrange  Equation  for  the  main  gear. 

*(W*;*ftao  (22> 
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Substituting  from  equations  19,  2  0  and  21  we  determine  the  equation  of 
motion  for  the  main  gear. 

+  »I3*S  +  C2ij  +  K22'j  =  -As  %  (23) 

The  natural  frequency6)jj  of  the  aircraft  can  now  be  determined  by  setting 
the  right  hand  side  of  equations  17  and  2 3  equal  to  zero,  omitting  damping 
forces  and  substituting  for  gt  and  . 


Since  the  resulting  equations  now  describe  the  free  vibration  condition 
it  is  therefore  assumed  that  the  relative  motions  are  also  harmonic,  i.e. 

5  I|  pug  SIN  UJt 

Zs  =  Sim  tot 


therefore  2,  *  “  * ,  SIN  iOt 

•  • 

and  -*a*UK  SIM  tut 

“^ii^i****  ^  ^  —  O  (24) 


(25) 


Solving  forjj^  we  arrive  at: 

(OjJ  -  Kt 

Solving  this  equation  yields  the  natural  frequencies  in  trans¬ 
lation  and  pitch.  The  critical  dip  wavelength  X  for  the  pitch  condition 
is  equal  to  twice  the  distance  between  the  nose  and  main  gears  orX  =JU. 
To  find  the  critical  forward  velocity  we  use  the  relationU>=  2TTV/X 
where  Cl)jj  is  substituted  f or  CO .  If  the  velocity  calculated  from  this 
equation  exceeds  the  lift-off  speed  then  the  lift-off  speed  is  substituted 
for  V  and  X  is  calculated.  For  the  translation  condition  the  critical 
speed  is  assumed  to  be  equal  to  the  lift-cff  speed.  Using  the  rigid 
body  natural  frequencies  the  system  is  tuned  tc  the  corresponding  X 
from  the  equetion  40=  2TTV/X  •  Since <0^  and  V  are  known  X  c®n  U® 
calculated. 


This  analysis  was  conducted  using  the  maximum  gross  weights  and 
subsequently  the  static  gear  loads  were  computed  on  the  same  basis.  Since 
these  aircreft  are  traveling  at  high  forward  speeds  (Ref.  Table  2)  the 
effect  of  wing  lift  may  be  a  factor  in  computing  the  gear  loads.  This  is 
accomplished  by  reducing  the  static  gear  loads  according  to  the  follow¬ 
ing  equation. 

FnSj  Fm3  *  Fm  jFka  ['  -  Ctfr/]  (2") 


where  F 


V 


=  actual  static  gear  load  while  traveling  at  V, 


lbs. 


Fjj,  F^  =  dead  weight  load  ,  lbs, 

V  =  forward  velocity,  ft. /sec, 
VL>0.  =  lift-off  velocity  ,  ft. /sec. 
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The  total  pear  lord  is  the  sum  of  the  static  and  dynamic  loads .  (the  dy¬ 
namic  load  he  in  p  over  and  noove  the  static  load)#  The  deed  weight  goar 
loads  were  determined  from  static  equilibrium  conditions  and  the  dynamic 
loads  were  computed  by  solving  the  equations  of  motion  in  the  I.B.M. 
propram. 

The  ultimate  drsicn  landing  gear  loads  are  calculated  from  the 
usual  design  requirements  for  a  three  wheel  level  landing,  braked  roll, 
and  tail  down  landin'-.  The  nrocedure  for  calculating  loads  is  shown  in 
Section  IIIF  and  a  summary  of  these  loads  is  contained  in  Table  9. 

The  method  of  analysis  specified  in  this  portion  was  run  on  an  IBM 
eomputor  using  the  data  specified  in  Table  2.  The  data  of  Table  9  lists 
the  maximum  loads  on  the  main  and  nese  landing  gears.  The  loads  were 
divided  by  the  cross  weicht  to  show  gear  load  fa.ctors  for  reference 
purposes.  The  maximum  dynajnic  loads  were  superimposed  onto  the  static 
loads  and  include  the  effects  of  possible  wing  lifto  The  analysis  shows 
tension  loads,  which  represent  a  condition  where  the  aircraft  would 
houn*s  o'T  the  -round.  The  limits  of  this  analysis  does  not  permit  a 
discontinuous  solution  therefore  it  is  obvious  that  it  is  only  valid  to 
the  vrluo  of  the  comnressive  lor.dinc  on  the  gear  during  the  first  initia.l 

impact. 

In  Fi cures  29  and  ?0  the  time  histories  of  the  Tilt  Wing  nose  and 
mein  landing  gear  loads  are  shown.  The  scale  on  the  left  hand  side 
shows  the  loading  without  wing  lift  while  the  right  hand  scale  is  a 
superimnosed  wing  lift  effect.  These  figures  illustrates  that  wing  lift 
could  cause  a  greater  tendency  for  the  gears  to  bounce  eff  the  ground* 

The  compressive  loads  on  the  main  and  nose  gears  are  more  critical  for 
the  dip  condition  when  tuned  for  translation. 


a* 


TRANSLATION 


(0  AT  t-O,  N05E  ©EAR  ENTE.RS  DIR 
0AT  t=. 35,  MAIN  GEAR  ENTERS  DIR 
0  AT  NOSE  GEAR  LEAVES  DIR 

0AT  tr.82;  MAIN  6EAR  LEAVES  DIP. 


Vum-o*  -  90  FT/ SEC. 

V-  AIRCRAFT  FORWARD 
VELOCITY-  90  FT/ SEC, 

A  =  DIP  WAVELENGTH 
=  59.2  FT.  y  PITCH 
=  +1.6  FT.  )  TRAHSLAT/ON 

3.0 


2.0 

TIME  ' — •  SEC. 

Firairo  ?.9  -  Time  History  of  Nose  I/xmUm?  Gear  Loads  for  Preliminary  Runway  Din  Anolvrin 


P/TCH 

(7  AT  t=0,  NOSE  GEAR  ENTERS  DIR 
(|)AT  t  =  . 35,  MAIN  GEAR  ENTERS  DIP. 
Da T  t  =  .65,  NOSE  GEAR  LEAVES  DIR 


|@AT  t  -  I  a,  main  gear  LEAVES  DlR 


TUNED  TO  TRANSLATION  FREQUENCY 


TUNED  TO  PITCH  FREQUENCY 


LAND  I  MG  GEAR  LOADS  WITH  WING  LIFT  TENS 
(LBS  x  /0"5  ) 


Vuptx-of*  «:  90  Ft/^EC. 

V-  aircraft  .forward  velocity  f90  ft/soz. 
WAVELENGTH  -Sf.2  FT y  P/TCN 

j  -41^' FT  9  TRANSLATION. 

.!  A 


PITCH 


■  :* 


i  ' 


1  1 
■  i  1 


d)(£> 


©AT  t  =  0,  M06E  GEAP  ENTTERS  DIP 
@/'T  f  =  «35‘,  MAIN  GEAR  ENTERS  Dl  P. 
(|)AT  t=*659  NOSE  GEAR  LEAVER  DIP 
©AT  t-I.O/y  MAIM  GEAR  LEAVES  DIP 


/A  A  /A  /V 


'  v 

i  r- 


\  V 
\  / 

v 


-  1 

f  \  '4o 

1  X  •> 


-As 

/  vd 

■M 


i  i 
\  I 
\  l  ' 


'TUNED  70  P/TCHFREQUENCY — A 
TUNED  70  translation  frequency 


(7) AT  t=C^NOSE  gear  enters  dip 

©AT  t  =.35,  MAIN  GEAR  ENTERS  DIR 
©AT  NOSE  GEAR  LEAVES  DlR 

©AT  ts.8^  NVMfV  GEAR  LEAVES  DlR 


ODMR  LANDING  GEAR  LC^D  W fTH  WING  LIFT  TENS, 


TRANSLATION  _ _  FITCH 


Table  2  -  Ground  Run  Din  Analysis:  Maximum  Gear  lead 


Config. 


Fixed 

Jet 

Tilt 

Wing 

108.5 

53.5 

Tilt 

Prop 

Buried 

Fan 

65.1 

114.0* 

FVi,  Total  Main  Gear 
bead  Wt.  at  Max.G.W.Lbs 


YiS  Main  Static  Load  A  V 


Fie/w 


i tosA* 


FN  LYH. (Max. )  lbs 


fN  UYN.  (Max.),  Lbs 


fN  LYN./W 


fM  DYH/W 


(Fie  +  FN  Dyjj^/w 


(fms  +  fM  dyn)/w 


.Dip  Wavelength,  Ft 


-0.05 


-1.13 


+91,000 

-86,000 


+219,000 

-227,000 


-►0.53 

-0.50 


+1.28 

-1*32 


-►0.47 

-0.56 


+0.14 

-2.45 


-8700 


-110.000 


-0.03  -0*02 


-0.^2  -0.26 


+297,000  +231,000  +251,000 

-297,000  -253,000  -291,000 


+757,000 

-928,000 


+0.83 
— 0.9o 


+1.33 

-1.33 


+5.62 

-4.91 


00 


25.000 


-0.06 


-1.28 


fNS»Mos«  Static  Load A V] -4,000 


F]*s,Kain  Static  Loadtf.V 


FNS/W  -°«°2 


-0.43 


FN  DYN  (Max),  lbs 


FM  tYN  (Max),  lbs 


*  Legislated  for  this  analysis 


C 

0 

-8,300 

0 

c 

-177.000 

0 

c 

-0.03 

0 

0 

-0.C7 

+285.000 

-318.000 

f-23-,000 

-353.000 

•KL66,000 

-125.000 

TRANSLATION 


T&bla  2  -  Ground  Run  wlp  A-alysla:  NoyjrnHi-  G,>-ir 


Lo. :<  r. 


(Con  *  t) 


*  ' — ^Config. 

Data  ' — 

F  bced 
Jet 

nxtenried 

Flap 

Tilt 

1  rop 

Ll.i'  led 
Fan 

fn  Dy^w 

-K).  68 
-0.61 

+1.55 

-1.53 

+1.08 

-1.21 

+0.94 

-l.U 

+0.66 

-0.50 

fM  Djn/W 

+1 .12 

-7,03  _ 

j-;..T  :■  "M 

EBGM 

Sas  H 

<FNS  +  FN  DYN'/w 

+0.65 

-('.63 

EH39  “| 

D^9| 

QQH 

-to. 62 
-0.53 

(Fms  +  FM  dxN)/w 

+7.24 

-7.51 

+8.59 

-7.83 

+8.07 

-7.50 

s 1 1 

7:vo.  I 
B1  .1 

Notes: 


(1)  FN3  “  Ph['-(-£t-)\| 

(2)  Sign  Conventi  on: 

+  Tension  load  in  oleo 

(3)  Fms,  Fm  qyn  ^  t'h®  total  load  on  both  main  gears, 

(4)  Loads  are  normalized  by  dividing  by  the  i  esign  gross  weight. 


2.  Starting  and  Stopplnr  While  Towing 


The  dynamic  response  analysis  for  this  condition  was  made  by  numer¬ 
ically  integrating  the  equations  of  motion  in  an  I*B*M.  digital  computer. 
The  computer  program  supplied  information  on  the  time  variation  of  nose 
and  main  gear  vertical  loads  as  veil  as  nose  gear  longitudinal  loads  for 
a  system  with  5  degrees  of  freedom.  The  nose  and  main  landing  gear  oleo 
and  tire  are  assumed  to  act  as  a  linear  spring  and  damper  in  the  vertical 
direction  in  addition  to  a  nose  gear  spring  acting  in  the  longitudinal 
direction.  The  input  acceleration  to  the  aircraft  by  the  towing  vehicle 
can  be  described  by  the  following  equation* 


(28) 


X,=3CS IN  out  For-  ujt^Tr 

=  O  F-or  cot  SO  ^ 

where  X,=  longitudinal  acceleration  at  the  nose  gear  p  ft/sec 

x.=  naxinruxn  longitudinal  input  acceleration  =  -  i/3  g  —  -  10.8ft/se 
If  X,  =3C  31N  Jut 


then  X,  =  005  cot  +  C, 

Since  X,  *0  at  t  =  0  it  follows  that 

Therefore  at  tots  tt  f  x.'here  to  =  6.35  rad/sec. 

%  -  -IC/UJ  OOSTT+X./UJ 

or  Xs  6u*./2  (29) 

2 

Since  the  final  velocity  equals  2  knots,  JC  =  -  10.8  ft/sec.  The  for¬ 
ward  velocity  of  the  aircraft  re  fruiting  from  this  input  increases  from  0 
to  2  knots  in  aporoxirrately  0.5  sec.  This  can  be  represented  graphically 
as  follows: 


Firurc  -  r  !-iusc  1  T:.v! Ir.rut  Acc^lercticn 


Thin  input  yields  maximum  loud  trdinnl  nose  rear  loads  vh '  cn  corresponds 
to  q  vrlur  resulting  from  the  procedure  specified  in  Mil-A-f?°62  (ASG), 
(Ref.  ?). 

A  ripid  body  analysis  was  performed  an  a  preliminary  investi- 


pation  with  the  aircraft  conntrainod  tc  around.  The  system  i3  represented 
schematically  in  Fir.  'i2  where  the  pcstivo  r.ipr.  convention  and  coordin¬ 
ator!  are  defined. 


The  followinr  is  a  derivation  of  the  equations  of  motion  of  the 

system. 


The  absolute  vertical  motion  of  the  main  pear  oleo  is* 

&  =  a*  +  h  (:c) 

The  absolute  vertical  motion  of  the  nose  pear  dec  is: 

=  i  ^ 

The  absolute  vertical  notion  of  an  arbitrary  point  P  Is: 

*p  =  &0 s  &+ *A)+*A (2y ?,) +z 

where  x  =  the  horizontal  distance  between  the  main  rear  and  the 
arbitrary  point  P, 

The  absolute  lonpitudir.al  motion  of  the  same  point  P  is. 

*e=  v  *,  + z,  -<t  -*z)-x 

The  absolute  lonrituc  inal  motion  "f  the  nose  real1  is: 


?5  = 


( 


We  differentiate  equations  30  thru  34  with  respect  to  tire  and  arrange 
them  in  nntrix  form  where  the  left  column  is  in  absolute  coordinates, 
the  right  column  is  in  relative  coordinates  and  P“3  is  the  transforma¬ 
tion  matrix. 


f  -N 

ft 

1 

1 

% 

1 

1 

% 

-1 

1 

<< 

Zr 

>- 

\-Tjt 

\-x/t 

Xjl 

X/L 

±p 

-4* 

-V* 

4A 

-1 

1 

1 

A 

1 

This  can  be  also  written  ns 


(?) 


The  expression  for  the  kinetic  energy  car.  be  written 
as  follows: 


2KE 


(35) 


/ 


o  > 


Evaluating 


in  equation  35: 


M  [Ml  M  = 


Vi 


!p  Mp 


B  C*  C7  D' 


B7  B7  C7  C'  d'  -D7 


c'  E' 


c'  f' 


-D  O' 


d  rf\-d  -d'  q 


t  /  /  /  J 

•D  -D  D  D  -6 


a'  =  Mp(l  -X/t)  -  Mp(A/^)‘  + 
B-  Mp(l  -X/if  r  V.-MJlf 
C'--  Mpfl -TC/ifa/l)  ~ 
z'  -  Mp CC./0 

e'=  m  P(V^2  +  mp(V02+  m„ 

F  -  Mp(l/i)3  -f 

G  =  Mp  +  Mn  •+-  M  N< 

H  —  p  4-  Mfj  v  M.  ( 


where  dM^  =  incremental  mass  at  pcint  P  t  slugs 
Mjj  =  unsprung  mass  at  nose  gear  ,  slugs 
=  unsprung  mass  at  main  gears  t  slugs 

Integrating  the  preceding  equations: 

A  =  Ja'  =  -2  Syj/i  + 

B  =  $b'  =  m(u  #t/f)  -  2  S u/A  +  l/4* 

c  =  5C'  =  Su/4  -V^2, 

D  =  ft)'  =  m(V^)  /►  (37) 

E  =  $'  =  1/4*4  M  (W+  Mm 

e  =  Jf'  =  x/4*+  M 

G  =  ^G/  =  M  4  Mu  4  Mm 

where  M  =  total  sprung  mass  cf  the  fuselage  f  slugs,  calculated  from 
the  maximum  gross  weight  s  J  dMp 

*V> 

S^  =  moment  unbalance  about  the  nose  gear  ,  slug  ft.  x 

I  ~  mass  noirent  of  inertia  about  the  nose  gear  ,  slug 

Writing  the  equations  for  the  potential  and  dissipative 
energies  of  the  system: 

tpe  =  K,I,2+K222  +v*5^f  (38) 

and 

2D E  *  C.lf  +  (39) 

By  following  a  procedure  similar  tc  that  used  with  the  kinetic 
energy  eauation  we  arrarge  equations  3c  and  in  matrix  form  and  determine 
the  final  express ion  for  the  equations  of  motion  of  the  system. 


Since  the  dynamic  gear  loads  computed  from  the  preceding 
equation  are  over  and  above  static  loads  the  total  gear  loads  are  the 
sum  of  the  dynamic  and  static  loads.  Static  gear  loads  were  calculated 
using  the  maximum  gross  weights  since  the  dynamic  analysis  was  performed 
on  this  basis.  The  dead  weight  gear  loads  were  computed  from  static 
equilibrium  conditions. 

The  calculations  of  the  resulting  loads  are  shown  in  Table  3. 

The  dead  weight  forces  are  superimposed  onto  the  vibratory  forces  result¬ 
ing  in  the  maximum  gear  loadings.  The  data  calculated  shows  the  maximum 
loads  on  the  main  gear  will  always  be  a  comjrsssive  loading  which  is  almost 
obvious  from  the  feet  that  the  main  gear  is  aft  of  the  aircraft  c«g«  The 
nose  gear  peak  loads  indicate  a  tension  lead  could  exist,  therefore  the 
analysis  can  only  be  used  as  a  guide  since  it  could  be  expected  that  the 
nose  gear  will  bounce  off  the  ground  during  some  portion  of  the  towing 

impulse.  _ 

Table  3  shows  only  the  loads  that  pertain  to  towing  start,  if 
the  aircraft  were  stopped  abruptly  the  signs  of  th9  dynamic  loads  would 
change  for  all  cases.  The  drag  loads  are  the  most  critical  and  bending 
of  the  gear  in  the  drag  direction  is  the  major  problem.  The  absolute 
value  for  the  drag  loads  apply  for  either  starting  or  stopping  while 
towing.  Therefore  the  analysis  is  complete  for  this  condition  for  the 
most  critical  load  in  absolute  value. 


Table  ?  -  Towinp  Start  Analysis :  Maximum  kinriinp  Gear  Loccs 


Config. 

Data 

Fixed 

Jet 

Tilt 

Wing 

Extended 

Flap 

Tilt 

Prop 

Buried 

Fan 

Fjj,  Nose  Gear  Dead  Wt. 
at  Max.  G.W.  -  Lbs 

-10,700 

m 

-28,800 

-33,000 

-17,000 

Fm,  Total  Main  Gear 

Dead  Wt.at  Max.G.W.-i£s 

-366,000 

-429,000 

-362,000 

fN/W 

-0.06 

-0.16 

-0.11 

-0.11 

-0.07 

fm/w 

-1.29 

-1.34 

-1-39 

-1-39 

HS9 

fN  DYN-  -  Lbs 
(Max.  Vertical) 

+27 , 300 
-27,700 

+63,600 

-63,600 

+59,000 

-60,000 

+70,700 

-72,000 

+40,000 

-40,700 

+30,700 

-71,000 

+78,700 

-95,70c 

Igllgl 

ns 

+52,700 

-104.000 

fND  DyN-  -  Lbs 

(Max.  Longitudinal) 

&73R7SI 

+129,000 
-130. 000 

+137,000 

-144.000 

+160,000 

-167.000 

+111,000 
-11S. 000 

fn  e.yh/w 

+0.16 

-0.16 

+0.29 

-0.29 

I21P1 

+0.23 

-0.23 

+0.16 

-0.16 

PM  D-JN./W 

+0.18 

-0.41 

wBSSM 

mSSSM 

+0.17 

-0.40 

+0.31 

-0.41 

fnd  dyn/w 

40.43 

-0.44 

+0.58 

-0.58 

msm 

(Fn  +  fn  dyn)/w 

+0.10 

-0.22 

40.11 

-0.34 

m.wm 

+0.09 

-0.23 

(fM  +  hi  DynVw 

-1.11 

-1.70 

WBKSm 

-1.14 

-1.82 

-1.22 

-1-79 

-1.12 

-1.84 

Notes:  (l)  F^,  Fj^  j)yn.  *»  Dead  weight  and  dynamic  vertical  load  on  both 

main  gears. 


(2)  Fk,  Fn  a  Dead  weight  and  dynamic  vertical  load  on  nose 

gear 

(3)  FflD  DYN.  =  Longitudinal  dynamic  load  on  nose  gear 

(4)  W  rt  Normal  design  gross  weight. 

(5)  Sign  Convention:  +  Tension  load  in  Oleo 


+  Aft  acting  load 


3.  Tiedown 

Tiedown  conditions  are  usually  checked  for  local  structures  and 
fitting  attachments.  Because  the  V/STOL  configurations  represent  some 
departure  in  wing  structural  characteristics  a  brief  analytical  check  was 
made  on  the  criticality  of  the  ground  gust  condition. 

The  initial  condition  is  with  the  aircraft  tied  down  rigidly 
to  the  ground  through  landing  gear  and/cr  fuselage  attachment  points.  For 
the  purposes  of  this  analysis  the  aircraft  was  considered  rigid  to  ground 
with  only  the  elasticity  of  the  wing  responding  to  the  transient  air  load- 

inS*  For  a  preliminary  type  of  analytical  investigation,  it  is 

assumed  that  the  gust  is  rapidiy  applied  and  from  a  vector  direction  so 
as  to  obtain  the  maximum  effect.  The  gust  is  then  assumed  to  die  out 
rapidly  so  that  the  effedt  is  equivalent  to  a  full  cycle  versed-sine  pulse. 
The  peak  gust  velocity  is  60  knots. 


The  lift  loading  on  the  wing  is  then: 


L  =  /3c*w  •/& 


(41) 


where  L  =  the  gust  lift  per  wing  ,  lbs. 


p  -  airfoil  lift  slope  ,  radians  0 

ac*  =  geometric  angle  of  attack  =  .175  radians  (10  ), 
a  representative  value  for  this  analysis 

(J  =  gust  velocity,  84.6  ft. /sec.  as  peak  value 
S  =  £  actual  wing  area  ,  ft. 


The  forcing  function  on  the  wing  is  the  lift  loading  assumed 
as  an  exponential  ramp  input.  Each  of  the  nodes  will  respond  to  this 
type  of  dynamic  loading  and  the  response  will  depend  on  the  ratio  of  -he 
pulse  period  to  the  natural  period  of  the  structure. 


The  resulting  bending  moment  is  conservatively  taken  as  the 
result  of  the  full  fundamental  response  of  1.7.  The  value  of  1.7  is 
the  maximum  response  factor  that  can  be  obtained  from  a  versed-sine 
impulse  (Fig.  4-13  of  Ref.  5  ).  Undoubtedly  some  relief  will  be  due  to 
the  fact  that  the  higher  modes  will  have  their  own  reduced  modal  response 
factor.  However,  the  vibration  analysis  (Appendix  IV)  has  shewn  the 
fundamental  mode  to  be  a  dominant  contributor  for  bending  with  induced 
torsion  coupling. 


The  half  exponential  input  was  selected  as  being  most  repre¬ 
sentative  for  the  gust  from  the  study  of  the  gust  penetration  analysis 
subsequently  shown  in  this  report.  The  initial  build  up  of  lift  will  be 
similar  to  the  type  found  for  the  airdraft  free  to  translate  in  a  vertical 
direction.  However,  the  reduction  usually  considered  (gust  alleviation 
factor)  due  to  the  vertical  aircraft  velocity  (which  would  reduce  the 
effective  angle  of  attack)  is  omitted  for  the  aircraft  fixed  to  ground. 

The  pulse  time  is  used  as  twice  the  time  usually  taken  to  build  up  to 
peak  lift,  this  being  dependent  on  the  chord  and  velocity  of  the  gust,i.e. 
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(42) 


sC/ZU  =  time  for  peak  build-up 
where  s  is  the  numer  of  semi-chords 


C  is  the  chord  of  the  wing  in  ft. 


U  is  the  gust  velocity  t  ft. /sec. 


Other  equations  for  this  forcing  function  are  the  same  as  subsequently 
shown  in  detail  for  the  gust  penetration  ir.  Section  III  D.  The  response 
factor  is  dependent  on  the  ratio  of  the  lift  build  up  time  to  the  natural 
period  of  the  structure.  The  response  factor  is  t'.en  the  ratio  of  the 
dynamic  to  static  amplitudes  of  wing  motion.  In  this  case  the  resulting 
bending  moment  will  be  the  combination  cf  the  Ig  wing  leadings  with  the 
peak  wing  lift  (in  positive  direction)  plus  the  vibratcry  respense  on  the 
wing  inertial  loadings  from  a  first  modal  contribution.  Since  the  body 
is  fixed  to  ground  the  inertial  leadings  are  about  the  ig  dead  weight 
condition. 


The  steady  state  leads  and  the  resultant  moments,  torsions  and 
stresses  are  contained  ir.  Table  4.  Maximum  bending  and  shear  stresses  at 
the  wing  root  are  calculated  from  the  following  equations. 


where  Sb  ,  S% 
>TM 
2b  **t 


bending  and 
bending  and 
bending  and 


2 

shear  stresses,  Ibs/in 
torsional  moments,  in  -  lbs 
torsional  section  moduli,  in' 
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Table  4  -  Tiedown  Condition:  60  Knot  Wing  Root  Moments,  Torsions 

and  Stresses 


m 


Config. 

Data 


,  Lift  Slope,  Radians 


1/2S,  Wing  Area,  Ft" 


Fixed 

Jet 

Tilt 

Wing 

Extended 

Flap 

Tilt 

Prop 

4  62 

4.58 

4  75 

4.22 

625 

1183 

1300 

1280 

8080 

11,500 

13,100 

11,450 

0.094 

0.103 

0.100 

0.074 

2.0 

2.0 

2.0 

2.0 

Nz«L/(W/2),Load  Factor 


Inertial  Response  Facto 


1G  Steady  Weight 
Loads 

Bending  Moment 
Torsional  Moment 


Peak  Gust  Loading 

Bending  Moment  1,700,000  3,900,000  5 
Torsional  Moment  153 >000  151 >000 


Peak  Loading  with 
Response 

Bending  Moment 
Torsional  Moment 


Maximum  Loading 

Bending  Moment 
Torsional  Moment 


Maximum  Bending 
Stress,  PSI 


Maximum  Sheen: 
Stress,  PSI 


Buried 

Fan 


3-75 


1400 


11,120 


0.088 


2,500,000 

566,000 


15,900  22,800  25, 


1,360  7,100  7,5 


3,700 


790 


Notes:  (l)  *  10/57*3  Rad. 

(2)  Sign  Convention 

Bending  +  Compression  or.  upper  surface  of  wing 
Torsion  +  Nose  up  twist 


A.  Braking 


This  condition  was  analyzed  for  an  initial  forward  velocity  of  30 
knots  assuming  a  linear  force-time  gradient  (rise  time  =  0,1  sec.)  until 
the  maximum  drag  load  is  reached.  This  can  be  represented  graphically 
as  follows: 


where  '7"  =  instantaneous  braking  force/steady  state 
braking  force 

Figure  21  -  Drag  Lead  Force  -  Time  Gradient 
The  main  and  nose  gear  braking  or  drag  forces  are: 

Pmd=  -CF(-K,i2+Fw)T-|ij|/x2  (45) 

where  Fm)  =  main  gear  drag  fcrce  t  lbs. 

Qp  =  coefficient  of  friction 

Fj^  =  main  rear  static  vertical  dead  weight  load  t  lbs. 

WA  =  sign  of  0C  2  where  X  -,  =  absolute  motion 

F„0  =  -CrC-Kj  a,  *  P«)'T-|X,|/i,  (46) 

where  F ND  =  nose  Rear  drag  force  t  lbs. 

F«  =  nose  gear  static  vertical  dead  weight  lead  9  lbs. 

I^J/x,  ~  sign  of  t  where  %  1  =  absolute  motion 

When  the  brekes  are  apnlled  there  is  a  possibility  that  under  the  action 
of  the  braking  fcrce  a  condition  can  exist  where  the  landing  gears  will 
heve  a  velocity  in  the  aft  direction  (with  respect  to  the  fuselage)  greater 
than  the  forward  velocity  of  the  aircraft.  If  this  occurs,  the  direction 
of  the  drag  force  is  reversed.  The  terns  |p£||  /  "k.t  and|X^|/ "Xg 
are  used  in  the  conputer  analysis  to  change  the  sign  of  the  absolute  long¬ 
itudinal  motions  of  the  nose  and  main  gears  and  hence  change  the  sign  of 
the  drag  load. 

The  equations  of  motion  were  solved  by  numerical  integration  in  an 
I.D.M,  digital  computer  for  a  system  with  b  degrees  of  freedom.  The  out¬ 
put  from  the  computer  program  su on lied  information  on  the  time  variation 


of  nose  and  nain  pear  vertical  and  longitudinal  loads.  A  rigid  body 
analysis  was  performed  as  a  preliminary  investigation.  The  system  is 
represented  schematically  in  Fig.  34  where  the  positive  sign  convention 
and  coordinates  are  defined.  The  nose  and  main  landing  gear  oleos  and 
tires  are  essumed  to  act  as  a  linear  spring  and  damper  in  both  the  ver- 
ticel  and  longitudinal  directions. 


Figure  34  -  Schematic  of  Aircraft  Geometry  J'or  Brewing  Condition 
The  following  is  a  derivation  of  the  equations  of  motion  of 


the  system. 

The  absolute  vertical  motion  of  the  main  gear  oleo  is: 

h  *  % + h  (<7) 

The  absolute  vertical  notion  of  the  nose  gear  oleo  ist 

g,  =  h*  l  (481 

The  absolute  longitudinal  motion  of  the  nose  gear  is: 

X,  =  -  V«(V  2  *)  +  +■  *o  (49) 

The  absolute  longitudinal  motion  of  the  main  gear  is: 

X2*  -Jli/Jlfa+h)*  (50) 

The  absolute  vertical  notion  of  an  arbitrary  point  P  ist 

*P=0- */<)&+ *&(**+ *0+ a  (51) 


where  X  =  the  horizontal  distance  between  the  nain  gear  and  the  arbitrary 

point  P. 


5B 


We  differentiate  equations  47  thru  51  with  respect  to  tine  and  arrange 
then  in  matrix  form  where  the  left  column  is  in  absolute  coordinates, 
the  right  column  is  in  relative  coordinates  and  fecCJ  is  the  transfor¬ 
mation  matrix. 


This  can  be  written  os 


The  expression  for  the  kinetic  energy  is; 


2K6 


(52) 


Evaluating 


M  [m]  w 


in  equation  52; 


wher$  A/  =  Mm  +■  +  MmJ  +-(l  - 

n' =  (V^/(Mn  +Mm)  -»-(i-  x/6)*Mp 
C'  =-(^)Z(Mw+Mm)+-(\-V^(V^)Mp 
D'  =  (V*)Mn 

f/  =  (V^Mm 

F  =  (V^Mm  4- Mm) 

('i/  -  Mm +  rvir^»)  f 

v/  =  (Y^)2  Mp 

I  =  Mm  t  Mm  f  Mp 


where  dMp 


incremental  mans  at  pejr*  P  9  slups. 


=  unsprunp  mass  at  acre  rear  f  slues _ 
=  unsprung  mass  at  main  pear  t  slups. 


Integratinr  equation  53. 


A 

n 

C 

D 

E 

F 

G 

H 

T 


i  A  -  Ni..  Mm)+^M  ~Z  Sjl  + 

S  f  Si/<  +1/^) 

i c /="&''-0tMM+MM)+  su/f-v'-*2 


^  d/=  (i5/e)  mn 
j  (h/i)  M« 

j1  F/=  (V<XMn  +  Mm) 

Jr/=  Mu  +(V<)20'/’n  +  r/f2 


> 


J  h/=  (V^Mm  +  Mm)+  x/*2 

J  i'-  MfMrj  +  Mm 


(53) 


’..’here  M  =  total  sprur.r  mass  or  the  fuselnpe  f  slurs,  calculated  ^rom 
naxinun  rross  weight  =  f  dMp 

Sy-  moment  unbalance  about  the  nose  pear  ,  slug  -  ft.*  J^XdMp 
I  =  mass  moment  of  inertia  about  the  rose  pear^lup  -  ft,  2zL^^p 


Writing  the  equations  for  the  potential  e.nd  dissipative  energies: 

2FE=  K,  *2 H2+K3^+^  +  K5 X,2-h  xf  (55) 

2DE  =  C,i,2 


(56) 


The  formation  of  the  matrices  for  the  potential  and  dissipative 
energies  is  similar  to  the  procedure  used  in  forming  the  kinetic  energy 
matrix.  We  can  now  write  the  matrix  which  contains  the  equations  of 
motion  of  the  system. 


A 

B 

C 

C 

-D 

-E 

-F 

B 

B 

C 

c 

-D 

-E 

-F 

C 

C 

G 

H 

D 

E 

F 

c 

C 

H 

H 

D 

E 

F 

-D 

-D 

D 

V 

r/.M 

-E 

-E 

E 

E 

Mm 

-F 

-F 

F 

P 

7 

<  > 
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■ 

■ 

■ 

■ 

■ 

CpT-K,  fiJs/i 

IS 

Hsmi 

■ 

■ 

■ 

■ 

Esm 

■ 

■ 

■ 

■ 

J! 

k5 

-Cj.TN/% 

Kb_ 

-CpT-K,/>2 

-Cp-rKs/ft 

r 


< 


C  -V*  (#  PN  +  ft  Fm) 

■•<a pn  +/4  pw) 
V<(ApM  +  /%pm) 
-  Cp-r  ^  A/<  (ft  f„  +  ft,  fvO 

flpN 
ftpM 

-fi  pN  +  ftpM 

where  s 

A -1*4/* 


(57) 


The  static  gear  loads,  based  on  maximum  gross  weight,  were  super¬ 
imposed  on  the  dynamic  loads  in  order  to  determine  the  total  gear  load* 
Here,  as  in  the  taxi  condition,  the  effect  of  wing  lift  due  to  forward 
speed  has  been  accounted  for  by  using  equation  27  in  computing  static 
gear  loads  (Ref.  Table  5).  Because  the  aircraft  begins  slowing  down  at 
the  instant  the  brakes  are  applied  the  static  gear  loads  gradually  in¬ 
crease  since  wing  lift  decreases.  The  most  critical  gear  loads  are  de¬ 
termined  at  a  point  where  the  sum  of  the  static  and  dynamic  loads  are  a 
maximum. 
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Table  5  -  Braklnr  Condition:  Max^"™-  <d£££ 


!  ^  Config. 

Data 

Fixed 

Jet 

Tilt 

Wing 

Extended 

Flap 

Tilt 

Prop 

Buried 

Fan 

V. Initial  Fwd.Vel. ,Kts. 

30 

30 

30 

30 

30 

+  fM  ryN.,  Lbs. 

(Max.  Vertical) 

-253,000 

-299,000 

-412,000 

-429, 00C 

-362,000 

fNS  +  ^  DYN.,  Lbs. 

+38,800 
_ -8Q-8QQ 

-113 .OOO 

-126.000 

-i4irooc 

-112.000 

FMD  DYN.,  Lbs. 

(Max.  Longitudinal) 

+176,000 

+215,000 

-176,000 

+182, ooc 

+214,000 

fND  TYN.,  Lbs. 

(Max.  Longitudinal) 

48,400 

-3.800 

+19,000 

-7,900 

+16,000 

-6,100 

+19,000 

-6.000 

+9,300 

-2,800 

(fms  +  fm  tyn.  )/w 

-1.47 

-1.34 

-1.57 

-1.39 

-1.43 

(fNS  +  FN  DYN.  )/w 

+0.23 

-0.47 

-0.51 

-0.48 

-0.46 

-0.44 

fMD  dyn./w 

+0.84 

-0.66 

+0*79 

+0.82 

-0.67 

40.59 

+0.85 

fnd  dyn./w 

•  +0.04 
-0.02 

+0.09 

-0.04 

+0.06 

-0.02 

+0.06 

-0.02 

+0.04 

-0.01 

Notes:  (l)  FjjS*  fm  DYN.  “  St®**0  611(1  dynamic  vertical  loads  on  both  main 

gears . 

(2)  FNS,  F„  UYN.  **  Static  and  dynamic  vertical  load  on  nose  gear. 


(3)  FND  DYN  *  FMD  DYN,  “  Longitudinal  dynamic  nose  gear  load  and 

longitudinal  dynamic  load  on  both  main  gears. 

(4)  W  a  Normal  design  gross  weight. 

(5)  (fmS  fm  EYN. )  and  (*toSfFN  DYN. )  are  determined  at  a  point  such 

that  the  combination  of  the  two 
is  a  maximum. 


(6)  and  F$js  are  calculated  taking  into  account  the  effect  of  lift 

due  to  forward  velocity  of  the  aircraft. 

(7)  F»*a  «  F*  D-(^,  )  1 

(8)  Sign  Convention:  +  Tension  load  in  Oleo 


+  Aft  acting  load 


B.  Toko-Off  Abort  (VTPl) 


For  the  take-off  abort  condition  the  analysis  consists  of  predicting 
a  safe  operational  envelopo  of  heirht  and  forward  speed  that  considers  a 
partial  power  failure.  The  initial  condition  is  a  partial  power  failure 
occurirp  while  in  a  normal  VTOL  mode  of  operation  durinp  take-off.  If 
there  was  no  problem  of  {partial  power  faiiuro,  those  aircraft  configura- 
tions  could  simply  ",nke  a  vertical  tAke-off  and  proceed  to  clear  all  ob¬ 
stacles  Vforo  enter i nr  ♦rnnsition.  However,  there  always  exists  the  po¬ 
tential  hazard  of  a  pn-tinl  power  failure  with  the  attendent  problems  of 
not  having  the  ability  fo  recover,  thus  onablinp  the  aircraft  to  alipht 
v/ithin  ‘he  aircrafts  land i nr  roar  structural  limits.  Since  all  these  con- 
fipurations  have  four  or  -ore  enpinea^cons ide ration  was  made  of  havinp  at 
least  one  enpir.e  out  and  shuttinr  down,  if  necessary,  other  power  plants 
for  symmetry  in  order  *e  maintain  sufficient  lateral  stability.  The  con¬ 
firmations  are  assumed  to  have  a  sir.ple  enpine  failure  with  a  resultinp 
25^  loss  of  power  with  the  exception  of  the  Buried  Fan  confipuration.  The 
latter  will  require  two  enrines  out  of  it's  six  enpine  installation  due  to 
the  lateral  stability  problem  which  appears  to  bo  inherent  with  the  enpir.e 
arrangement  of  this  desim.  The  T'urled  Fan  confipuration  was  considered  to 
have  two  larpe  and  two  small  fans  in  the  winp  structure  with  no  cross  duct- 
inp  to  the  individual  fans. 

The  method  of  analysis  was  based  on  considerinr  the  percent  of  hover 
power  required  with  forward  speed.  A  survey  of  technical  literature 
(Ref,?&.ic,  )  has  provided  a  comparative  power  with  forward  speed  relation¬ 
ship  of  the  configurations  end  is  shown  in  Fip.  35.  The  percent  power 
with  forward  speed  is  then  related  to  variations  cf  the  lift  to  weight 
ratio  with  forward  speed  by  considering  the  remaininp  power  and  the  re¬ 
quired  power  for  a  particular  forward  speed.  The  estirated  lift  to  weipht 
ratio  is  then  based  on  ’he  ratio  of  the  available  to  the  required  power. 

A  plot  of  this  lift  to  weirht  ratio  versus  forward  speed  is  shown  in  Fig.  3& 

The  data  as  presented  shews  that  the  Extended  Flap,  Fixed  Jet,  Tilt 
Wing,  and  Tilt  Propeller  conf ipurations  have  roughly  the  same  lift  to  weight 
ratios  in  the  low  speed  range.  The  Buried  Fan  configuration  definitely  has  a 
poor  lift  to  weight  ratio  due  to  the  greater  power  required  with  forward 
speeu  and  the  greater  power  loss  due  to  the  fan  arrangement.  It  is  not  in¬ 
ferred  that  the  data  provided  in  Fig.  3^  are  absolute  value  capabilities, 
but  rather  a  relative  picture  cf  the  configurations  that  have  been  studied. 
The  analysis  was  then  divided  into  two  parts  for  the  lift  to  weight  ratio 
concerned;  that  of  the  Buried  Fan  and  the  approximation  for  all  the  other 
configurations. 

Within  the  scope  of  this  study  a  simplified  metiod  for  predicting  the 
height  velocity  envelope  is  as  follows: 

Eauations  of  Motion 

The  vertical  acceleration  of  the  aircraft  following  a  power  failure 
will  be  equal  to  the  net  r'if f^r^nce  V tween  ‘he  weirht  and  the  remaining 
vertical  capability. 


M#  =  W-L 


(53) 


where  M  =  nas3  of  the  aircraft  ,  slugs 

Z  =  height  lost  subsequent  to  time  of  power  failure  ,  ft. 

Z  =  (l-  L/W)<J  ,  ft. /sec.2 
W  =  VTOL  design  gross  weight  >  lbs. 

L  =  vertical  lift  t  lbs. 

The  result  of  this  force  balance  is  a  relation  between  the  required 
height  to  limit  the  pround  contact  velocity  to  a  specified  value  and  the 
L/V  ratio  (asstiming  that  the  lift  to  weight  ratio  renains  constant)  as 
follows: 

(59) 

Arbitrary  constants  (£,o) 

The  conditions  are  that  Z  =  0  at  Z  =  0;  and  Z  =  H,  total  height 
lost,  when  Z  =  V£,  the  vertical  ground  contact  velocity. 

Thus  the  total  height  lost  for  a  given  resultant  contact  velocity 
for  a  constnnt  L/J  ratio  is: 

h*  ^3(1-17*21  (61) 

3olntion  for  H-V  Fnvelope 

The  H-V  envelope  was  found  by  using  the  specific  allowable  vertical 
contact  velocity  and*  the  lift  to  weight  ratios  for  each  velocity  considered 
at  which  a  partial  power  failure  is  assumed  to  occur.  The  resulting  H-V 
envelone  diagram  is  shown  in  Fig.  37  for  the  Buried  Fan  and  other  config¬ 
urations.  The  interpretation  of  this  diagram  is  that  there  is  a  maximum 
height  to  permit  staying  within  the  safe  envelope  for  those  designs.  It 
should  be  noted  that*  this  portion  of  the  H-V  envelope  only  defines  the 
lower  boundries  of  the  areas  of  safe  operation.  There  is  an  upner  height 
that  is  not  shown  which  would  permit  a  dive-out  procedure  to  limit  the 
contact  velocity  with  the  ground  and/or  permit  continued  flight  by  enter¬ 
ing  into  lower  power  required  speed  ranges.  The  latter  portion  of  the 
H-V  envelope  would  be  associated  with  continued  operation  rather  then  a 
trke-off  abort  condition. 
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C.  Maneuvers 


The  five  V/STOL  configurations  were  designed  for  a  limit  maneuver 
loading  resulting  from  a  3g  normal  load  factor.  For  the  wing  structural 
design  the  design  loads  are  divided  into  three  types,  these  being: 

(a)  Aerodynamic  loads  or.  wing 

(b)  External  forces  due  to  propeller,  etc. 

(c)  Inertial  loading 

The  breakdown  of  the  above  loadings  are  shown  in  Table  6  for  the  wing 
bending  moments  and  torsions.  In  general,  the  inertial  forces  relieve 
wing  bending  in  normal  design  practice  and  therefore  the  designer  usually 
tries  to  include  the  heavy'  equipment  or  loadings  to  counterbalance  the 
wing  lift  forces.  A  compromise  is,  of  course,  required  when  consideration 
is  given  to  the  landing  leads  conditions  wherein  the  wing  lift  has  usually 
one  or  less  g's  with  the  predominant  loading  being  from  the  landing  gear. 

A  simple  type  of  maneuver  condition  has  been  used  for  this  portion 
of  the  load  investigation  and  consists  of  prescribing  the  build-up  of 
maneuver  normal  load  factor.  The  build— up  was  assumed  to  be  from  the 
normal  level  flight  condition  (lg)  to  a  limit  normal  load  factor  (3g's) 
in  .10  seconds  and  held  constant  thereafter  at  the  3g  level.  This  rapid 
acceleration  build-up  is  an  extreme  condition  and  is  to  be  used  only  for 
a  relative  comparison  of  the  structural  response  problems  of  the  V^JTQL 
configurations. 

The  method  of  analysis  for  the  maneuver  condition  was  to  apply  the 
prescribed  acceleration  on  the  body.  For  the  purposes  of  this  analysis 
only  the  wing  dynamic  response  was  considered  in  order  to  study  the  effects 
of  the  structural  rigidity  and  mass  distribution  of  designs  peculiar  to 
the  V/STOL  configurations. 

The  method  of  analysis  considered  only  the  lowest  modal  frequency 
response  of  the  wing  structures.  In  the  general  solution  of  the  dynamic 
system  the  equation  of  dynamic  equilibrium  (in  tensor  form)  for  a  homo¬ 
geneous  or  free  vibration  case  is: 

(62) 

where  is  the  mass  tensor 

a 

3  is  the  coordinate  tensor  cf  the  system  and  includes  both 
translatory  and  rotary  displacements. 

The  coordinate  tensor  qa  is  assumed  to  be  a  linear  combination  of  the 
modes  and  a  time  dependent  function,  that  is,  a  separation  of  variables. 

ran  r 

%(*■■  m M  (63) 

where  q  ,  .  is  the  rth  mode,  r  =  1  -  n 

Ir) 

The  kinetic  energy  of  the  system  is  then 

kb  « i n  Sm  (64) 


in 


By  normalizing  the  nodel  shapes  and  using  the  concept  that  the  nodes  are 
orthogonal  to  the  mass  tensor, 


;  KE-  \/2 

and  =  krone  eke  r  delta  tensor 


(65) 


A  similar  approach  is  used  with  the  potential  energy  of  the  system. 

PB  .  (/*  Kxb  lY  =  I/S  K«  $■  fb  (66) 


where,  Kab  is  the  spring  tensor 

(°7) 

The  system  now  becomes  diagonalized,  that  is,  the  spring  tensor  in  the 
new  coordinate  system  is  diagonalized  and  the  terns  are  the  square  of 
the  frequencies.  In  matrix  form: 


(68) 


When  assuming  only  a  lowest  nodal  contribution  the  result  is  an  equation 
in  normal  coordinates: 

J  +  oof ^  so  (69) 

This  is  the  equivalence  of  a  single  degree  of  freedom  system.  Thus,ty 
assuming  the  body  and  wina  mas3  as  separate  systems  with  a  single  spring 
between  ,  the  classical  solutions  for  response  factor  of  single  degree 
of  freedom  systems  can  be  used. 

The  response  of  a  rapidly  applied  load  when  naintained  indefinitely 
depends  on  the  ratio  of  the  rise  time  to  the  natural  period  6f  the  elastic 
structure.  The  response  curve  is  shown  in  non-dimensional  form  in  Fig.  38 
for  reference. 

The  natural  periods  of  the  wing  fixed  at  its  root  have  been  analyzed 
and  are  shown  in  Table  19  in  Appendix  IV  of  which  the  first  bending  data 
has  been  used  for  this  analysis.  For  this  analysis  the  response  ratio  is 
defined  as  follows: 

R  =  Maximum  Wlnr  Acceleration 
1  Maximum  incremental  body  g’s 


The  maximum  incremental  body  g’s  equal  2  g’s  going  from  a  lg  flight  con¬ 
dition  to  the  limit  of  3  g's.  The  response  factor  is  a  factor  on  the 
lowest  modal  shape  and  the  bending  and  torsional  moments  are  found  by  the 

following  (Rof.  Fig.  39). 
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(70) 


(  Bending  \  --  ; 

B.M.  ^Ving  Root/  -  f  ^  ^(ac-tuo 

where  W^  =  weight  at  ith  coordinate. 

=  modal  shape  of  ith  coordinate  (normalized  to  unity  at  wing  tip) 
for  first  mode. 

Rj.  =  response  factor. 

tit- a  root)  =  distance  from  ith  section  to  root  section. 

2  =  the  number  of  incremental  g's. 

/Torsion  \ 

T.M.^Wing  Root;  =  £  WL  2fy(ZL  -  X ^  (71) 

where  (x^  —  x  root)  =  distance  from  wing  elastic  axis  at  root# 

The  final  resulting  peak  bending  moments  and  torsions  consider  the 
direction  of  the  vibrating  wing. 

Case  (l)  Wing  Vibration  Up  (See  Fig.  40) 

In  this  case  the  maximum  vibration  g's  are  reinforced  by  the  lg 
loading  and  all  the  inertial  forces  oppose  the  air  loads  and  external 
forces.  This  is  not  a  critical  condition  for  bending  but  must  be  invest¬ 
igated  because  the  predominate  forces  in  torsion  are  inertial. 

Cese  (2)  Wing  Vibration  Down  (See  Fig.  40) 

In  this  case  the  maximum  vibration  g's  add  to  the  external  forces 
with  some  relief  from  the  l'g  steady  loads.  The  bending  will  be  greatest 
in  this  case. 

The  maximum  bending  and  torsional  stresses  at  the  wing  root  are 
found  by  using  the  section  modulus  of  the  wing  (Ref.  equations  43  $  44 $ 
part  A3).  The  resulting  calculations  are  shown  in  Table  6  and  tabulate 
the  maximum  wing  response  factors,  bending  moments  and  torsions.  The 
resulting  maximum  bending  and  torsion  stresses  are  shown  for  all  five 
V/STOL  configurations. 
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Config. 


Airloads  and 
External  Loads 

Bending  Moment 
Torsional  Moment 


1G  Steady  State 
Flight  Inertia  Loads 

Bending  Moment 
Torsional  Moment 


1st  Modal  Inertial 
Response  Loads 

Response  Factor 
Bending  Moment 

Torsional  Moment 


Maximum  Loading 

Bending  Moment 
TOrsional  Moment 


Maximum  Bending 
Stress .  F3_ 


Maxinuro  Shear 
Stress,  PSI 


Fixed 

Jet 


Extended  Tilt  Buried 
Flap  Prop  Fan 


78,200 


22,700  3>o4o|  9,650!  10k, 


Motes:  (l)  Sign  Convention: 

Bending  +  Compression  on  upper  surface  of  wing 
Torsion  +  Pitch  up  twist 
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Hi  Penetration 


As  a  prel i r.i nary  inve*  ‘iraMnn  of  the  criticality  of  print  penetra¬ 
tion, a  simplified  analysis  was  \:r<  cl  to  determine  tho  maximum  wing  landing 
and  torn  Ion  loads. 

The  flipht  condition  in  taken  at  125  percent  of  tho  cruise  speed 
condition  for  all  the  V/CTOL  configurations.  Tho  runt  velocity  in  50 
fpn  uninr  standard  noa  lev.  1  density  as  a  most  severe  condition. 

The  calculation  of  tho  met.  loads  on  th.e  aircraft  is  baaed  on  a 
ninrle  ’iscrete  mat  to  deterrine  'ho  effects  on  tho  wing  root  bending 
moment.  This  involves  the  character  of  the  punt  and  the  dynamic  response 
of  t he  ripid  and  elastic  structure. 

For  the  pnirposes  of  this  portion  of  the  investigation  of  dynamic 
response  on  the  V 'STOL  configurations,  a  reasonable  desipn  evaluation  is 
made  in  the  following  stops: 

(a)  Steady  state  rust  response  of  the  ripid  aircraft,  neplecting 
the  degree  of  freedom  in  translation  and  aerodynamic  lag. 

(b)  Gust  alleviation  factor  based  on  the  aerodynamic  parameters 
including  only  the  trar.slatory  degree  of  freedom  and  considering  the 
aerodynamic  lag, 

(c)  Non-dimensional  acceleration-time  history  for  the  configurations 
for  the  ririd  body  gust  loading. 

(d)  First  modal  structural  dynamic  response  of  the  wing  structure 
based  on  the  resulting  acceleration-time  history  of  the  ripid  body  gust 
loading  in  the  translatory  derree  of  freedom. 

(e)  Combining  the  wing  aerodynamic  loading  with  the  dynamic 
inertial  loadinrs  of  the  fundamental  modal  response. 

While  this  is  a  simplified  tyne  of  gust  response,  previous  work  as 
described  in  section  10-6  of  Ref.  4  ,  shows  that  this  is  a  rational 
approach  with  reasonable  results. 

Steady  State  Gust  Response 

The  incremental  lift  load  on  the  wings  is: 

AL  =  /S  A*vi/2fV*S  (72) 

where  ^3  -  the  lift  slope  in  radians. 

the  incremental  chanre  in  aerodynamic  winr  an^le  of  attack 
(radians)  from  a  vertical  rust. 

V=  125%  of  normal  cruise  sreed,  ft. /see. 

S  =  wing  area,  ft. 


For  small  changes  in  angle  of  attack,  the  vertical  acceleration  for  a 
steady  state  condition  is: 


where  U  is  the  gust  velocity  in  ft. /sec. 


(73) 


Oust  Alleviation  Factor 


The  aircraft  was  assumed  to  enter  a  region  of  a  sharp  edged 
vertical  gust.  The  solution  to  this  type  of  entry  into  a  sharp  edged 
gust  has  been  presented  in  Reference  4  and  consists  of  the  solution  in 
terms  of  the  ratio  of  the  rigid  body  acceleration  to  the  steady  state 
rigid  body  acceleration  with  respect  to  the  number  of  semi-chord  lengths 
of  wing  travel.  An  independent  variable,  that  is  part  of  this  solution, 
is  the  non-dimensional  mass  parameter  *N*‘ 


M 


i/rr^SQfe 


(74) 


where  M  =  aircraft  mass,  slugs 


C  =  wing  chord,  ft. 


A  plot  of  the  peak  ratio  of  accelerations  versus  the  mass  parameter 
is  shown  in  Fig.  41.  The  gust  alleviation  factor  is  defined  as  the 
ratio  of  the  peak  accelerations  and  is  plotted  in  Fig.  41  and  tabulated 
for  the  five  V/STOL  configurations  in  Table  7. 


Non-Dimensional  AcceleratloUrTlae  HjatOIY 

The  gust  loading  acceleration  is  non-dimensionalized  by  dividing 
the  gust  acceleration  by  the  peak  value.  The  time  history  is  non-dimen> 
sionalized  by  dividing  by  the  time  to  reach  the  peak  acceleration. 


In  order  to  provide  the  time  history^ a  solution  of  the  acceleration 
ratio  versus  semi— chords  of  Fig.  10—22  of  Reference  4  was  used.  Therefore 
the  actual  time  was  found  from: 


-§£- 


(75) 


where  s  is  the  number  of  semi— chords  traveled. 


Since  the  mass  ratios  of  the  V/STOLs  are  sufficiently  close  to  the 
range  of  Tv*  =  30  to  70,  there  is  no  appreciable  difference  in  their 
acceleration-time  history,  and  the  re suiting  non-dimensional  acceleration 
time  history  shown  in  Fig.  42  applies  for  all  the  dynamic  response  cal¬ 
culations. 


First  Modal  Structural  Dynamic  Response 

The  characteristic  acceleration-time  history  is  shown  in  Fig.  43. 
This  history  can  be  approximated  by  a  step  function  having  an  exponential 
front  such  as  shown  in  Fig.  4-20  of  Reference  6  . 
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O itj 
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l^JS. 


nt/ts 


I  -  en 
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MAX 


t*t3 


In  this  rv  sc  r.  ~  -  2  TT  !>nr+  represents  the  non-dimensional  data 
and  the  resultinr  response  factor  in  ; 


R  =  \  +  ~3jL 

f  ids25 


-ZT7 

l-2g  cns 


±£?" 


(77) 


v.’hrrc  t~  is  the  time  to  reach  peak  a rrt  lernti on  and  T,j  is  the  natural  period. 

The  acceler' v ion  response  factor  R  is  shown  in  Fip,  43  with  the  ratio 
of  the  time  to  peak  pulse  to  fundnment.nlwi  ng  period.  Since  the  fall-off 
in  acceleration  i3  rradualgmd  the  peak  response  will  occur  at  less  than 
the  unit  ratio  of  t^/lhjjthc-  use  of  the  functional  input  is  considered  suff¬ 
iciently  accurate  :or  the  purposes  of  this  analysis. 

In  Fir.  43*  the  °ccelerntioa  response  factor  is  3town  with  points 
referenced  to  J  he  V/STOL  configurations,  While  the  ratios  of  t^Afj  vary 
from  .10  to  ,56  for  ;he  faists^nll  the  V/STOL  wings  have  a  response  close  to 
the  maximum  of  2.0. 


Winr  Loads  and  Stresses 

The  total  ring  bonding  moment  is  a  combination  of  the  following: 

1.  The  Ir  steady  state  flirht  loads  consist  of  winr  lift  equal  to 
the  weirht  of  the  aircraft.  The  root  bending  moment  is  the  result  of  the 
lp  air  loading  less  the  Ip  weight  forces  on  the  winp. 

2.  The  A  r  air  loading  from  the  ripid  ~ody  wing  pust  loading. 

3.  The  dynamic  inertial  loading  on  the  winr,  which  will  be  the  full 
A  g  condition  tines  the  response  factor  for  the  winp  vibrating  up,  in¬ 
creases  the  usual  inertial  relief.  A  second  condition  will  be  for  the  wing 
vibratinr  down  when  the  inertial  relief  is  reduced  as  shown  in  Fig,  40. 

The  winp  bend  inn  moments,  torsional  moments,  and  stresses  are  shown 
in  Table  $,  The  most  critical  of  the  moment  combinations  is  resolved  into 
bendinr  and  torsional  stresses.  The  maximum  bendinp  and  shear  stresses  at 
the  winp  root  arc  calculated  from  equations  43  and  44  of  part  A?  of  this 
section. 
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Table  7  -  Qu»t  Penetration  i  Rigid  Body  Data 


j  ^^-^^Config. 

Data 

Fixed 

Jet 

Tilt 

Wing 

Xxtended 

Flap 

Tilt 

Prop 

Buried 

Fan 

fit  Lift  Slope,  Rad. 

4.62 

4.58 

4.75 

4.22 

3.45 

V,12 5i  Cruise,  Ft/Sec 

850 

580 

580 

630 

850 

AoCw,  U/V,  Rad. 

0.056 

;  0.087 

:  0.087 

0.079 

0.056 

W/8,  Lba/ft2 

86.7 

93.0 

100 

120 

74.3 

ASftt  ,  Ft/Sec2 

91 

55 

53 

43 

86 

w/sc 

8.67 

7.60 

7.00 

6.80 

3.20 

Xjj,  Mass  Ratio 

73 

64 

59 

57 

27 

Ky,  Alleviation 

Factor 

0.84 

0.84 

O.o4 

0.84 

0.78 

AS  ,  Ft/8ec2 

77 

46 

45 

36 

74 

4g>. 

2.38 

1.42 

1.40 

1.11 

2.30 

C/2V 

5.6oclO'3 

12.6k10’3 

12.3xlO’3 

13. 9x10 "3 

12.6xlO"3 

tj#  Time  to  Peak 
Acceleration,  Sec* 

0.112 

0.252 

0.246 

0.278 

0.151 

Tine  Ratio 

0.105 

0.186 

0.152 

0.556 

0.320 
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Oust  Wins  Root  Moments.  Torsion 


Config. 


Data 


Fixed 

Jet 


Steady  State 


g  DbC 

light 


Loade 


Bending  Moment  7,000,000 
Torsional  Moment  3,200,000 


4  g  "'ust  Aerodynamic  j 
/lng  Lift  Loads 

Bending  Moment  j3,4 00 fOO 
Torsional  Moment  3,900,000 


Lst  Modal  Inertial 
Just  Response  Loads 

Response  Factor 


Bending  Moment 
Torsional  Moment 


lroum  Loading 

Bending  Moment 
Torsional  Moment 


Maximum  Bending 
Stress,  PSI 


ax  i mum  Shear 
tress,  PSI 


17,000,000 


Tilt  Ixtended  Tilt  Burled 

Wing  Flap  Prop  Fan 


73,300,000 

2,800,000 


78,700  58,500  64,200  32,900  41, 


25,700  2,170  7,000  60,500  12,200 


Notes:  (l)  Sign  Convention 

Bending  +  Compression  on  upper  surface  of  wing 
Torsion  +  Pitch  'Up  twist 


E,  landing  Condition 


The  initial  conditions  for  landing  impact  are  high  forward  speed,  a 
vertical  sinking  speed  of  9  fps. ,  and  lift  equal  to  2/3  gross  weight* 

The  following  three  landing  conditions  are  used  to  provide  the  basis  of 
landing  gear  stroke  and  loads  subsequently  used  in  the  dynamic  response 
analysis* 


(1)  Three  Point  level  landing 

In  Fig,  44  a  schematic  representation  of  the  forces  on 
the  gears  is  shown  for  a  three  point  level  landing  which  produces  the 
maximum  vertical  nose  gear  loads*  The  equations  of  motion  are  related 
to  the  aircraft  center  of  gravity  as  follows: 

(78) 

+  Fm+  L  -  N|Ws  O 


where  Fjj  =  average  vertical  nose  gear  oleo  load,  lbs* 

Fty  =  average  vertical  main  gear  oleo  load  for  both  gears,  lbs* 

L  =  lift  at  the  center  of  gravity,  lbs* 

V  s  aircraft  design  gross  weight,  lbs. 

N»  =  vortical  load  factor  at  the  center  of  gravity  equal 
to  (2  +  MO  ,  g*s 

SFy  SO 

FnCL-F^O.,  ~.2S  .25Fm_4=0  (? 


where  a  =  horizontal  distance  between  nose  gear  and  center  of  gravity, 
a^  =  horizontal  distance  between  main  gear  and  center  of  gravity* 

1^  =  vertical  distance  between  nose  gear  axle  and  center  of  gravity. 
12  ~  vertical  distance  between  main  gear  axle  and  center  of  gravity. 
Considering  the  total  drop  energy  of  the  aircraft: 

Es[^f  +Sl6]w 

where  Vj,  =  vertical  sinking  speed,  ft. /sec. 

&LG  =  average  landing  gear  deflection  which  is  assumed  equal 
to  the  main  gear  stroke,  ft* 

The  drop  energy  is  absorbed  by  the  landing  gear  as  follows: 

E  S  +  + 

where  Sjj  and  we  the  nose  and  main  gear  strokes,  ft. 
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Equating  the  tvo  energies: 

[-^-+Sie]  W  =  R*  Sn  +  Pm  $m  +  L  SlC  (SO) 

Solvinffpquntions  79  aq£  80  simultaneously  and  recognising  the  gear 
efficiencies  rjj  =  and  *\.  =  FM  K.  W  w^ere  Km  ttn<*  Am  are 

assumed  equal,  we  arrive  at  expressions  for  the  nose  and  main  gear  loads 


FN  and  V 


FN  ■ 


_  fat  t  firtCwdjL 


(81) 


fm  = 


_  I 


Am 


f  cgsj&s&ii!i$£L  +  _ 

SmCol-  .35*,)+  SH(a,-K2Sjfa)J 


(82) 


Substituting  the  expressions  for  Fjj  and  F  in  equation  78  and  solving 
for  Oni  a,  M 

K  V  ^ 

(83) 

By  plotting  S  j  vs.  O  »  for  each  configuration  It  vas  determined 
that  5  ^  equals  ©  «  when  tne  stroke  is  approximately  1ft*  This  value 
can  now  be  used  in  equations  81  and  82  to  determine  the  gear  loads  assuming 
an  overall  gear  efficiency  of  80  percent  •  Th®  drag  loads  aro  equal  to 
25  percent  of  the  oleo  load.  (Ref.  Table  9). 

(?) .  Tflil  Pqvm  knfllng 

In  Fig,  44  &  schematic  representation  of  the  forces  on  the  gears  is 
3}  own  for  &  tail  down  landing  condition  which  produces  the  maximum  vertical 
main  gear  loads.  The  equations  of  motion  are  related  to  the  aircraft  center 
of  gravity  as  follows: 

IF*  =  M*o 
F*  +  L-W  =  (w/a)j& 

•  • 

?0  =  vertical  acceleration  at  the  center  of  gravity 

*o  -  9/v(Fm-*-  L-Vv)  (24) 

£  My  —  Xy 

—  Fm  0-2  “  Lef  =  Xy  Gy  =^** Gy 

Sy  =(-  F*  0-2  -La'X  j/'rV)  (85) 


where 


•  •  ' 

whore  By  -  aircraft  angular  pitching  acceleration  $  rad/sec/ 


r 

o 


2 

=  =  pitching  radiua  of  gyration  ,  ft* 

=  horizontal  distance  between  the  conter  of  pressure  and 
the  center  of  gravity  =  0, 

h  =  vertical  distance  between  the  canter  of  pressure  along 
the  wing  chord  and  the  center  of  gravity, 

Jl •%  =  vertical  distance  between  static  ground  line  and  center 
of  gravity. 

t 


e 

a. 


=  angle  of  inclination  between  aircraft  and  ground. 
=  h  sin  0 

=  a1  cos  0  -  sin  0 

The  total  linear  acceleration  at  the  main  rear  is: 

••  ••  •» 

Substituting  from  equations  84  and  85 

»M8°  j/»-V  [r^+L-w)+aa(F*a2+L«/)J 

From  the  equation  of  uniformly  accelerated  motion  (no  rotation): 

-vf+aiS 

where  Vp  =  final  velocity  9  ft. /sec.  =  0 

=  initial  velocity  §  ft. /sec.  =  Vg 

..  •• 

*  =  -Z>B 

s=  S„ 

•  • 

Substituting  end  solving  for 

•  • 


(36) 


£. 


(87) 


Equating  the  two  expressions  for  Zj^  from  aquations  86  end  37 

Since  L  =  2/3  W  and^jonclderinr  the  overall  efficiency  ^1(1  v©  solve  for 
the  peak  load  Fu  =  Fee 


M  v 

Fm=^ 


5jCi +  ■£ - §~e'-Y*] 


84 


Fu  is  a  vertical  load  with  reopoct  to  tho  ground  but  since  tho  air¬ 
craft  Is  inclined  at  an  angle  0  Jthc  axial  load  in  tho  strut  FjJ  and  tho 
drag  load  normal  to  tho  strut  F^d  are  dotermined  aa  followo. 


F' =  Fjj  coo  t  +  .25  F^  sin  t  (89) 

Fj!f)  =  .25  F^  coo  -  Fjj  sin  (90) 

(3)  Two  Point  Braked  -  Roll 


The  maximum  main  gear  drag  loads  arc  produced  by  a  2 
point  braked -roll  condition  at  the  maximum  gross  weight.  In  Fig,  44 
the  for  cos  on  the  pears  aro  illustrated  schematically  for  this  condition. 

The  loads  are  calculated  as  follows: 

fm  =  V 

Fmd  =  Cf  Fjj  (91) 

where  Fj,jj)  =  main  gear  drag  load  on  both  gears,  lbs, 

Cf  =  coefficient  of  friction  =  0.8 

For  the  calculations  of  the  gear  loads  the  ground  friction 
factor  (with  some  braking)  is  taken  as  .25.  The  overall  gear  efficiency 
is  estimated  as  being  80  percent.  The  summary  of  the  gear  data  loads 
and  c.g  accelerations  is  contained  in  Table  9. 

Smgffli&Jnngi  In sixain 

The  accrle ration-time  history  for  the  aircraft  c.g  is  best 
represented  by  the  general  characteristics  of  known  landing  gear  data. 

The  pulse  period  and  general  character  have  been  reviewed  in  the  jig 
drop  test  data  of  Reference  17  and  a  non-dimensional  relationship  is 
shown  in  Fig.  45.  An  assumed  equivalent  function  and  drop  test  data 
(Ref.  17)  are  illustrated  in  Fig,  45. 

The  equivalent  forcing  function  is  approximated  as  a  symmetrical 
oulse  with  a  rise  of  one  quarter  of  the  pulse  period,  a  dwell  having  con¬ 
stant  amplitude  for  one  half  the  pulse  period  and,  a  decay  symmetrical 
with  the  rise.  The  response  factor  for  such  a  forcing  function  is  solved 
in  Figure  4-21  (a)  of  Ref.  18  and  is  calculated  with  rcfcrenco  to  the 
ratio  of  times  with  the  V/STOL  configurations'  fundamental  period.  The 
calculated  values  arc  shown  in  Table  (10). 

The  landing  pulse  time  for  gears  investigated  indicate  a  total 
period  of  ,4  seconds  is  renrr Tentative .  The  tine  to  peak  acceleration  is 
in  the  order  of  .1  to  .15  seconds.  For  this  analysis  the  approximation 
used  should  be  sufficiently  representative. 


The  limit  loads  arrived  at  in  the  preceding  landing  loads 
analysis  are  multipled  by  a  faetor  of  1.5  to  arrive  at  ultimate  load¬ 
ings*  Using  these  ultimate  loads  as  applied  to  the  airoraft  and  con¬ 
sidering  the  v  *.ng  structural  response  factor  the  wing  bending,  torsion, 
and  stresses  are  found.  These  data  are  compiled  in  Table  10.  The  com¬ 
bination  of  lg  steady  state  wing  loads  is  added  to  the  dynamic  rebponse 
inertial  loadings  of  the  landing  impact. 


Three  Point  Level  landing 


Braked  Roll  -  2  Point 


I!ot«ei  (l)  Fro  ■  i  of  F,;  6  Fm 

(2)  Fj.j  ■  the  total  load  on  both  main  geara 

(3)  All  loads  are  normalized  by  dividing  by  the  design  gross  weight, 

(4)  For  the  braked  roll  condition  gear  loads  ore  calculated  from 
the  S70L  weight, 

(5)  For  the  tail  dawn  landing  condition  &  Fj.j^  are  the 
vertical  and  drag  loads  with  respect  to  the  aircraft  coordinate 
axis  rotated  through  the  angle  0, 


G9 


c 

— 


in  -  iMnAit*  Tmma^Wing  Root  Moaants,  Torsions.  and  ^tregiM 


^^Config. 

Date 

Fixed 

Jet 

Tilt 

Wing 

Extended 

Flap 

Tilt 

Prop  • 

Buried 

Fan 

tW^i 

0.34 

0.30 

0.25 

0.80 

0.85 

1  f  Steady  State 
Flight  Loads 

Bending  Hoawnt 
Torsional  Mcaant 

7,000,000 

3,200,000 

15.600,000 

360,000 

21,600,000 

530,000 

pyToiMj!  ?! 

1st  Modal  Inertial 
Response  Loads 
i  Response  Factor 

!  Bending  Monent 

i 

Torsional  Monent 

1.54 

-3,400,000 

•11,500,000 

1,200,000 

4,000,000 

PffrfTjyxtl 

PiCiwaJ 

1  N«vl  || 

pfrjCiOJt  • .  * .  *  M 

|  •  - 

Marian  Loading 

|  Bending  Monent 

Torsional  Moment 

-4,500,000 

7,200,000 

•27,700,000 

-3,100,000 

53,000,000 

52,000,000 

14,900,000 

1,800,000 

Maxima  Bending 
Stress.  PSI 

7,050 

24,600 

7,250 

Maxima  Shear 

Stress,  PSI 

H,000 

6,700 

3,070 

97,500 

1,280 

Notesi  (l)  Sign  Convention 

Bending  /  Compression  on  tipper  surface  of  wing 
Torsion  /  PttcfcyeMWtft 


i 
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IV.  DETKRMIUATIOtl  OF  gSHffi  AMD  RELATIVE  CRITIC  A  MESS 
OF  STRUCTURAL  RESPONSE 


Based  on  the  analyses  of  -Section  III,the  structural  response  cal¬ 
culations  were  presented  in  tabular  form  for  all  5  V/STOL  configurations 
and  for  each  parameter  investigated. 

The  determination  of  the  degree  of  relative  criticalness  is  based 
on  the  ratio  of  the  value  of  the  peak  dynamic  response  load  or  stress 
including  all  steady  state  conditions  with  a  corresponding  normal  design 
ultimate  load  or  stress.  These  normal  design  ultimate  loads  and  stresses 
were  determined  in  the  landing  gear  loads  analysis  and  the  w  ing  structural 
analysis  respectively  for  each  V/STOL  configuration.  landing  gear  loads 
were  determined  for  three  conditions}  (l)  3 -Point  level  landing,  (2) 

Braked  Roll-2  Point,  and  (3)  Tail  Down  landing  (Ref.  Section  III  E),  The 
maximum  nose  and  main  gear  vertical  and  drag  loads  were  chosen  from  these 
three  conditions  for  comparison  with  a  corresponding  dynamic  load  in  de¬ 
termining  the  degree  of  criticalness.  The  maximum  wing  bending  and  tor¬ 
sional  moments  were  calculated  at  the  wing  root  of  each  configuration 
from  a  4.5  g  ultimate  maneuver  condition  and  are  subsequently  used  with 
a  corresponding  dynamic  wing  bending  or  torsional  moment  to  determine  the 
degree  of  criticalness. 

The  degree  of  criticalness  (Ref.  Table  ll)  was  determined  for  two 
types  of  conditions. 

(1)  Wing  Structural  Conditions 

a.  Tiedown 

b.  Maneuver 

c.  Gust  Penetration 

d.  landing  Impact 

(2)  landing  Gear  Conditions 

a.  Taxiing  and  Take-Off  Run 

b.  Starting  and  Stopping  While  Towing 

c.  Braking 

In  the  first  group,  Winp  Structural  Conditions,  the  degree  of 
criticalnes3  is  c'c fined  as  the  ratio  of  the  dynamic  and  steady  state 
stress  to  the  ultimate  design  stress  at  the  wing  root.  This  can  also 
be  stated  as: 

Wing  Structural  Degree  of  Criticnlno9S  -  Dynamic  ±  Steady  State  Stress 

Ultimate  Stress 

SDYN  +  SSS 
SU1T 


If  Spyfl  +  Sgg  is  fc  1.0  — —  Failure  of  structure 

fc  0,897  Yielding  for  7075-T6 

For  the  second  group,  landing  Gear  Conditions,  the  degree  of 
critioalneaa  ia  defined  aa  the  ratio  of  the  maximum  total  main  or  noae 
gear  lead  (static  and  dynamic)  to  the  maximum  ultimate  design  load  cal¬ 
culated  for  the  gear  (Ref*  Table  9).  In  equation  forms 

landing  Gear  Degree  of  Criticalneaa  =  (Fjjyji  +  Fg-^^J/V 

Fuur// 

All  gear  loads  have  been  normalised  for  convenience  by  dividing  by  the 
design  gross  weight  of  the  aircraft  in  question, 

A  ratio  of  1,0  indicates  that  a  failure  condition  is  eminent  and 
above  1,0  failure  occurs,  A  value  of  less  than  1,0  may  not  be  critical 
if  the  material  used  ia  such  that  the  yielding  is  close  to  the  ultimate 
stress.  However,  normal  practice  usually  requires  th&t  a  factor  of 
safety  of  50  percent  be  used  with  the  limit  load  or  stress. 

There  is  a  condition  in  which  no  ratio  can  be  established  such  as 
take-off  abort.  In  this  case  only  relative  numbers  indicate  the  critical¬ 
ness  of  the  configurations  and  the  condition* 

With  all  the  conditions  of  Section  III  analyzed  for  all  5  config¬ 
urations,  a  matrix  is  formed  and  shown  in  Table  11, 

Upon  examination  of  the  matrix,  the  most  critical  condition  appears 
to  be  starting  and  stopping  while  towing.  However,  this  condition  is 
believed  to  be  conservative  and  can  be  eliminated  by  providing  an  energy 
absorption  device  such  as  that  discussed  in  Section  VI,  item  A, 

The  next  most  critical  condition  is  taxiing  and  take-off  run.  It 
is  recognized  that  the  method  of  linear  analysis  utilized  for  this  condition 
may  be;  conservative.  However,  the  trend  is  such  as  to  indicate  that 
further  detail  investigation  is  warranted  for  the  runway  dip  condition  on 
the  Tilt  Wing  V/STOL  configuration. 

Other  conditions  also  indicate  a  relative  degree  of  criticalness 
that  v'arrants  further  investigation.  But  within  the  scope  of  the  contract* 
only  the  runway  dip  condition  is  to  be  analyzed  in  detail.  Recommendations 
for  further  studies  are  contained  in  Section  VIII, 
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Table  11-  Decree  of  Criticalnees 


Condition 


Taxiing 

& 

Take-Off 

Run 


Starting 

Stopping 

While 

Towing 


Tiedown 


Fixed 

Tilt 

Extended 

Tilt 

Buried 

Jet 

Wing 

Flap 

Prop 

Fan 

2.73 

2.65 

2.66 

2.69 

0.79 

1  “ 

5.00 

0.60 

wm 

0.32 

0.14 

0.16 

0,18 

Braking 


Take-Off 

Abort 


Maneuver 


rapsi 

!§is§s 


Oust 

Penetration 


Landing 

Impact 


Not  Not 
Critical  Critical 


Wing 

Shear 

Streea 


Notea:  (l)  Structural  Degree  of  Criticalneee 


if  m-»z 


1.0  Failure  of  structure 


iresei 


Z  .897  Yielding  for  7075-T6 
(2)  landing  Gear  Degree  of  Criticalneaa  B  lL 


1.90 


2.57 


0.05 


0.02 


0.44 

0.66 

0.54 

0.56  [ 

0.49 

Not 

Critical 


1.0C 

1.12 

0.64 

0.47 

0.07 

0.21 

2,26 

0.24 

0.75 

0.82 

0.42 

0.53 

0.05 

0.15 

1.32 

0.27 

0.32 

0.24 

0.30 

0,09 

0.15 

0.07 

2.12 

0.03 

V. 


DETAIL  STRUCTURAL  RESPONSE  ANALYSIS 


A.  Dlflcuaalon  of  Problem 

The  purpose  of  the  detailed  dip  analysis  is  to  investigate  the 
effects  of  wing-fuselage  flexibility,  runway  speed,  and  runway  roughness 
on  the  degree  cf  relative  criticalness.  Consider  the  fully  coupled  air¬ 
craft  response  as  it  moves  over  a  single  (l  -  cosine)  dip  of  fixed  depth 
for  various  values  of  dip  length.  The  mathematical  i;.odel  for  the  aircraft 
includes  flexibility  of  wing  and  fuselage,  main  and  nose  gear  tire  spring 
rates,  as  well  as  oleo  spring  and  damping  rates.  Only  symmetrical  responses 
of  the  aircraft  are  assumed  for  this  analysis,  that  is,  anti-symmetric 
response  including  roll  is  not  considered.  This  requires  that  the  dip  be 
wide  enough  in  the  direction  perpendicular  to  thedirectiairf  aircraft  motion 
to  encompass  all  the  gears. 

The  aircraft  chosen  for  detail  study  is  the  Tilt  Wing  configuration 
which  was  found  to  be  most  critical  in  the  preliminary  investigation 
(Ref,  .Section  IV) ,  Parameters  used  in  the  analysis  are  explained  and 
summarized  in  part  C.  Aerodynamic  effectehave  not  been  included. 

b.  ifatfae aa&Lfifti 

Formulation  of  the  mathematical  model  of  the  aircraft  was  based  on 
representation  by  normal  modes.  This  allowed  the  use  of  a  large  number 
of  panel  points  in  the  wing  and  fuselage,  but  at  the  same  time  did  not 
require  large  dynamic  matrices.  A  standard  transformation  technique  was 
employed  using  Lagrange  equations.  Due  to  the  character  of  the  dip  forc¬ 
ing  function,  a  simple  closed  form  was  not  readily  attainable.  Finite 
difference  integration  proved  to  be  most  easily  adaptable  to  solve  the 
transformed  dynamic  equations. 

The  aircraft  model  is  shown  below. 


Figure  46  Aircraft  Model  for  Detailed  Runway  Dir  Analysis 


Note  that  the  wing  coordinates  are  piven  on  the  winp  shear  center. 
Point  A,  the  axis  oripin,  represents  the  location  of  the  nose  pear  and 
Point  B  represents  the  main  pear.  The  distance  between  the  main  and  nose 
pear  is  ft  . 

The  analysis  is  simplified  by  considering  one  wing  and  half  the 
fuselage  since  only  symmetric  motions  are  being  taken  into  account. 

To  properly  consider  half  the  fuselage  and  one  wing  the  analysis 
vas  carried  out  as  follows; 


1*  One-half  the  fuselage  kinetic  and  potential  energy  is  determined. 
This  is  done  by  halving  the  masses  and  doubling  the  influence 
coefficients. 

2.  One-half  the  nose  gear  potential  and  kinetic  energy  is  used. 

This  is  accomplished  by  halving  the  mass  and  halving  the  sprin*' 
rates.  These  factors  are  net  shown  in  the  following  analysis. 

The  aircraft  fixed  coordinate  matrix  is: 


=  < 


hyy 

hF 


where 


& 

a. 

>J 

Z,,  q  ,  Z  ,  and  q-  are  the  coordinates  assigned  to  the  nose 
and  miir.  ^landinp.^gear  and  %  is  measured  positive  aft  fr^n  the 
nose  gear.  The  pear  systems  are  shown  in  the  following 


The  absolute  mass  matrix  is: 


M* 


The  total  kinetic  energy  of  the  system  will  be: 

2KE  (92) 

The  systems'  potential  energy  ’s  beat  given  by  using  relative 
coordinates.  We  have  chosen  to  work  with  the  free-free  modes  of  the 
structure  to  obtain  the  potential  energy. 

The  required  transformation  matrix  is  arrived  at  as  follows. 
Consider  the  aircraft  on  its  gear  as  shown  below. 


Firgirr  Schematic  of  Aircraft  reformation 

A  line  of  rigid  body  motion  is  defined  by  the  location  of  the  gear. 
The  motion  of  every  point  in  the  aircraft  can  be  given  as  the  sum  of  the 
rigid  body  motion  and  bending  with  respect  to  the  rigid  body. 

hF  +  +  2  £  (93) 

and  __  n 

hw*O-x/0(e.  +zs)+  h  (94) 


± 

& 

It 

3 ml 

m 

M 

&I 

_ 
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is  a  normalized  Ai3elage  bonding  shape  and  ^  is  a  nodal  coordinate 
for  that  ahape.  Similarly  is  a  normalized  vinr  bending  shape  and 
since  ue  are  obtaining  coupled  ving-fuselare  modes,  both  wine  and  fuse- 
lame  have  the  srmc  •  Notice  that  there  is  a  boundary  condition 
placed  on  i.e.^pj  must  bo  zero  at  the  pear  points.  In  order  to 

satisfy  this  condition  we  have  several QUemattw® #tv©  of  which  arey  Cl)  generate 
pinned  •  pinned  modes  of  the  wine  fuse  lame  ,and  (2)  ^cnerate  free-free  modes 
and  reference  the  shapes  to  the  line  of  "laid  body  motion.  The  latter 
alternative  vas  chosen.  The  rcreferencing  of  the  free  modes  is  ihown 
graphically  in  the  followinr*  schematic. 


'imure  19- Schematic  of  Transformation  of  F 


Shanes 


tffci  =  W  (W)-  */*  hfii  (W)  -6-  */*)  ''FJL&t)  (95) 


Similarly 


x/t  flFX  (*<°  *)  ~(\-X/*)  h(U  (<W)  (96) 

In  order  to  obtain ©<« the  relative  fuselage  free-free  pitching  , 
©4  p  is  added  to  the  derivative  of  the  deflection  shape. 

(97) 


<X  vv  is  the  sun  of  the  relative  wing  pitching  o^and  p  of  the 
fuselare  at  the  wing  root  intersection. 

*-w=2  £w;  + 

JLz!  w*  dX 


(wing  root) 


(98) 


Performing  the  required  differentiation  leads  to: 


°V=  (/f  ^  +  j  (99 ) 

and 

«w= +s«)|^  +i  ^  (ioo) 

But 

^5?  =  +  -|^Bi-(xto)t)  doi) 

Identifying 

Vfe  *  h  f  (*tO>tj)  (102) 

end  7 

V\vx  *  +  °*Wi  *  (QO,t)  -  h&  (Xf  0,  t)j  (103 ) 

Combining  all  these  expressions  we  arrive  at  the  following  transformation. 


where 


<PFi  5  •toft0)*)- xjl  x/t)  (0,0, t) 


4>wl *  *W ft  \l,t) - x/X  hFz (x,o,t)~ (\-x/x)  hFi  (o, o, t) 


Vfi  5  +■  +  'A  (  (0,0,  t)  -  (X,o,i)J 

i+  'A  (w  (o,o,t)-lFx  (X,0,t)j 


VWi  * 

Consider  in  detail  the  /7  (x ,y, t  )  free-free  displacements. 


4-  CX  . 
WiMG  T  vV-t 

HOOT 


Fi^nxre  $0  -  Schematic  of  Aircraft  Coordinates  for  Normal  Mode 
~  . . Analysis  """ .  .  ^ .  ' 

We  define  2  ipnorable  coordinates  and  q<  at  the  wing  r&ot.  The 
potential  energy  of  the  system  can  be  calculated  using  influence  co¬ 
efficients  for  a  cantilever  boundary  conditions  at  the  wing  root* 

let 

hw=  h  +  ez(*-*w«s)+-  fhw 


relative  tort? lor. 

•  -  r  ■  n  ’  2  *  •* 


where 


=  wing  displacement  relative  to  cantilever  point. 


Ph  F  =  fuselage  displacement  relative  to  cantilever  point, 
poCyy  =  wing  rotation  relative  to  cantilever  point, 
fee  =  fuselage  rotation  relative  to  cantilever  point. 


The  mass  matrix  for  this  system  is: 


\ 


100 


whe  re 


Kjj  in  the  flexibility  tensor,  lbs/in. 


Solutions  may  be  obtained  for  this  eigenvalue  problem  by  simple 
matrix  techniques  and  result  in  a  set  of  normal  modes  and  frequencies . 
These  are  subsequently  designated  by(U^  and 


The  equations  of  motion  will  come  from  the  Lagrange  equation. 

_fiL  ( 3K-E  )  _  2i££  -  _  2EE.  +  Fp  (105) 

where  Fp  forces  are  not  derivable  from  a  potential  function. 

The  kinetic  energy  is^ 

2KE 

and  {Xp}  = 

2KE  =  (106) 

Therefore 

and 

^  ( W'-  <io7) 

Since  we  have  written  the  bending-torsion  motions  as  the  sum  of  a 
series  o'*  motions  of  the  free-free  structure  the  total  strain  energy 
'an  \  j  arrived  at  by  summing  the  strain  energies  of  the  participating 
normal  mode. 

The  potential  for  a  normal  mode  is  equal  to: 


101 


and  numninp  over  all  rodeo 


pe  4 

Equrti  on  111  pives  all  the  structural  potential  enerpy. 
The  spring  energies  are  simply: 


(m) 


(112) 


PP  .  I/a  K,  5, 2  + l/2  Kj  ff/t  1/2  K5(*J  i/2 


so  that  finally 


(113) 


PE  4  '/*  5/ ,VU  +  /£K,?,*+i/fe  ^(fj - !„)* 

+  i/a  «,(«,  -I'm)* 


We  can  now  form 


3** 


A  ninilar  dinni.pation  potential  can  be  ansipned  to  the  darper, 
v/bich  in  di fforentiated  and  added  to  the  cquationsof  notion. 

If  this  in  done,  after  combining  all  equations,  ve  can  fine  ny 
"rite  the  equations  of  notion. 


(1U) 


v;here 


and 


Dip  Dog  ,’ript  ion 


?n(‘)  *  fi  /z  i  -  cos  ^vt/x 1  oC  t  £  x/v 

ZwCt)»  A  jz  ’  I-  co i/vitl  (jI+^v  * 


1  Or, 


and  (t)  *  O  f°r  other  time. 


These  equations  do  scribe  the  aircraft  rolling  over  a  single  dip  of 
maximum  depth  A  and  of  length 

Static  reflection 

The  initial  deflection  of  the  aircraft  is  due  entirely  to  the  force 
of  gravity. 

The  erovity  potential  is  given  by 


PEj  a  “  Mw  3  -  S*  $  ocw  -  Mp  5hp  -  Mnt?3  J  (j-17) 


"  ^NO  fl  3  *  WMT  ^  9  “  MMO  &  3 
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1,  Using  tho  airciaft  structural  characteristics  given  in  Section 
II  the  free-free  structural  modes  were  calculated.  These  are  tabulated 
in  1  able  1  9  .  For  the  detailed  analysi3jonly  the  first  and  second  wing 
fuselage  modes  were  used. 


2,  The  non-linear  oleo  and  tire  spring  rates  were  linearized  in 
the  neighborhood  of  the  static  deflection. 


3,  No  aerodynamics  either  steady  or  unsteady  wei%  included 


C.  Choice  of  Parameters 


Critical  Pitch  Condition 

The  largest  rigid  body  total  pitchi  .g  notion  was  assumed  to 
occur  when  V*  =  ?  (Ref.  Section  III,  Part  Al).  Using  =  2  it  is 
possible  to  calculate  the  speed  at  which  the  tine  required  to  traverse 
the  dip  is  the  sane  as  the  period  of  one  of  the  normal  modee  of  aircraft 
vibration.  These  ore  given  in  the  following  table. 

Table  12  -  Summary  of  Critical  Pitch  Condition 


IPWIWM 

f.nndijLWnn  Tnvpr.ti  gatfiri  . 

T 

V  ft /sec. 

5.869 

1st  flexible  winr  fuselage 

1.07 

60. 

10.046 

2nd  flexible  wing  fuselage 

.625 

102.5 

p.53 

rigid  body  pitch 

.736 

87. 

9.88 

rinid  body  trans. 

.635 

101. 

Cases  were  run  at  forward  velocities  of  57  and  90  ft /sec  for 
$L  =  2.0.  Speeds  in  excess  of  ^Jfft-Off  (90  ft/sec)  wero  not  con¬ 
sidered  , 

Translation  Criteria 

The  most  critical  case  was  considered  to  be  the  highest  speed 
care  which  is  v  Lift-Off*  Usine  V Lift -Off*  \/JL  values  were  calculated 
to  natch  the  periods  of  normal  vibration. 


Table  13  ~  Summary  of  Critical  Translation  Condition 


U>(* 

'ord  .  investig&tpd 

~^7T - 

5.869 

1st  flexible 

3.0 

10.046 

2nd  flexible 

1.75 

3.53 

rigid  pitch 

2.06 

0.88 

ri^id  trans. 

1.73 

In  addition>cases  were  run  at  n/J?  =  1.35,  ?,13,  2.0,  2.5,  3.8, 

end  1.0. 

Piscussion  of  results 

Shown  in  Fir.  52  is  a  summary  of  information  taken  at 
V Lift-Off  and  various  values  of  . 


The  assumption  that  is  greatest  at  values  of  >s/i*2.0 

is  not  borne  out  in  this  case.  However,  the  conditioner  translation 
appoarn  reasonable  since  the  c.g  translation  acceleration  continues  to 
increase  an  the  period  of  the  dip  pulse  decreases.  Hence,  maximum 
translational  response  is  obtained  with  the  shortest  dip  length  at 
fixed  speod  with  the  greatest  speed  at  fixed  dip  length. 

The  maximum  wing  root  bending  moment,  c.g.  pitch  acceleration, 
compressive  load  in  nose  gear  and  wing  root  torsional  moment  all  peak 
in  the  sane  region  yh/X  =  1.5. 

This  is  probably  due  to  the  exitation  of  the  second  wing  mode 
which  has  large  wing  torsion  component^.  The  fact  that  the  peak  response 
in  at  a  higher  frequency  than  the  wing  mode  is  due  to  the  increase  of 
the  v:ing- fuselage  frequencies  because  of  modal  coupling  with  the  gear. 

Fig.  Si  is  a  detailed  time  history  study  of  conditions  at 
V*  =3.  Here  the  node  principally  involved  is  the  first  wing  bending 
mode.  Notice  first  that  the  c.g.  vertical  acceleration  is  reduced  due 
to  the  coupling  of  flexible  aircraft  modes  while  the  pitch  acceleration 
is  only  slightly  changed.  The  wing  torsional  moment  indicates  a  large 
excitation  of  the  bending-torsion  mode.  The  wing  root  bending  moment 
shov/3  the  sun  of  the  increased  wing  bending  moment  due  to  this  response 
and  the  decrease  due  to  the  reduced  fuselage  motion.  The  character  of  the 
wing  root  bending  moment  ie  different  from  the  character  of  the  c.g. 
vertical  acceleration.  Since  at  the  wing  root  the  acceleration  ie 
essentially  that  of  the  c.g.  the  indication  ie  that  the  wing  outboard 
sections  are  responding  with  the  low  harmonic  character  seen  in  the 
bending  moment.  Here  the  multiple  frequency  acceleration  input  to  the 
wir.g  root  1  s  being  filtered  by  the  wing  and  amplification  is  occuring 
only  at  the  wings  natural  frequency. 

The  r.o je  and  main  gear  leads  do  not"  appear  to  change  appre¬ 
ciably  ~r.  r-agr.ltude  although  there  is  again  a  frequency  shift  dut  to 
mode  coupling .  This  result  has  teen  previously  noted  by  F.  Allen  and 
L.  Mosby  of  Douglas  Aircraft  (Ref.  3)* 
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VI.  SPECIAL  DESJON  CObSIDHlATIOIIS 


A .  Tow  bar  Shock  Strut 

The  preliminary  analysis  of  the  starting  and  stopping  condition 
showed  that  high  prescribed  accelerations  at  the  tovbar  could  result 
in  serious  structural  response  problems  in  the  landing  gear  structures. 
While  the  ana]ysi3  of  this  condition  is  conservative* it  did  become 
evident  that  for  very  large  V/SiOL  aircraft,  structural  design  could  be 
predicated  by  a  ground  handling  condition. 

Therefore,  the  following  analysis  presents  a  schematic  of  a  tow- 
bor  dcsim  to  eliminate  the  shock  loadings  that  could  be  imposed  through 
"rough  handling" . 

To  simplify  the  analysis* a  suddenly  apoliod  acceleration  of  con¬ 
stant  magnitude  is  used  as  a  basis  for  a  simple  mathematical  model. 


Figure  : -  Schematic  cf  Aircraft  and  Tow  bar 

The  spring  and  the  mass  M  represents  the  aircraft  up  to  the  tow- 
bar  and  includes  the  effect  of  the  elasticity  of  the  gear  in  the  forward 
direction.  The  damper  is  part  of  the  tow  bar  with  a  useful  stroke  of 
O  which  is  the  relative  motion  of  the  towing  vehicle  and  the  end  of 
the  tovbar  attached  to  the  aircraft  (see  Figure  b}  ). 

( a )  Without  damper 


The  eounticn  of  dynamic  equilibrium  without  damping  with  the  pre- 
3  crib*  d  tovbnr  mot  ion  in 


►^Xa+KX*=KX  •1”:1  t,-K- 

X2  +  Xz  =  u% -L 


differentiating  twice  end  leu..-. 

i  +  =  <4  *  = 


-  1  -  $4 

'  on+ 


(120) 


(121) 


Ti  c  r*cnoral  solution  is: 


I  * 

il=:XZ  ’  C,  Sin  UJNt  +  C2  Cos  GU"  t  +  X 
v ! th  initial  conditions  of  ^  ^  =  0 

*2  =  X  (l  -  COS  Ufat) 


(122) 


(123) 


Tl  c  maximum  value  in  reached  if  the  prescribed  acceleration  is  held  for 
t"  -  tt/o^  seconds 


^  max  =  2  x 


Similarly,  the  sprinr  force  is: 

“  K5  (*"  r  Ks( x ~  xz)  ( 124) 

•  • 

and  has  a  maximum  value  of  max  2.^5^ 

The  inertial  and  sprinp  forces  therefore  are  amplified  by  a  factor  of  2 
over  the  prescribed  input.  Thus ^ if  the  input  is  severe  the  problem  is 
amplified  due  to  the  dynamic  characteristics. 

(b)  lrlth  damper 

A  constant  force  damper  vhich  is  illustrated  in  Fig.  54  is  used 
Jo  reduce  the  dynamic  forces  on  the  aircraft. 

The  camper  consists  of  a  honeycomb  core  enclosed  in  the  towbar. 

Shear  pin3  are  used  to  prevent  activation  of  the  device  and  are  set  at 
some  force  value  specified  here  as  Fp.  A  similar  device  has  been  used 
on  Sikorsky  Aircraft  tc  prevent  high  loads  in  extremely  hard  landings, 
retail  discussion  of  the  device  is  contained  in  Ref.  ic  .  By  nrecrushing 
the  honeycomb,  little  or  no  oversh  : at  in  load  occurs  and  has  been  confirmed 
in  dynamic  landin'-  '"ear  ten  s  of  such  struct  res.  The  design  is  modified 
to  act  in  tuo  directions  i  ,e .  compression  and  tension  in  the  tovbar. 

The  time  cf  activ-  t  on  for  a  hi-h  input  acceleration  (relative  to 
the  activation  force  Fp'l  is  small  sc  that  the  °nalysis  can  proceed  nec- 
loctinr*  the  time  *hc  serin-  is  nicK  n*  up  Ihc  load. 

The  force  in  the  sorin'-  is 

^5  =  1^5 ^i)=  ^"O  ~  constant  (l ->) 

.,r,d  x,  a  X-  s 

t  horn f ore 

FD  ~  1<S  C*2 *  x  *+  S)  “  e  r¬ 


st  \nt. 


(126) 


Since  K  is  the  spring  constant 


then 


*f  £  m  constant 


•  • 

£  =x-  Xg 

X  *  Xf  and  Xg  »  ^  t/M 


Therefore  the  velocity  of  the  towbar  damper  is  • 


&  •  *  [2  - 

With  the  critical  condition  of  S  =  8  =  Ojthen 

8  *  [x  -  Fc/m] 


(127) 

(128) 


The  stroke  required  to  eliminate  the  shock  and  hold  the  loading  in 
the  tow  bar  to  Fp  depends  on  the  prescribed  acceleration,  the  activation 
loads  of  the  denser,  and  the  time  of  the  prescribed  acceleration.  All 
these  ere,  of  course,  dependent  on  the  aircraft  mass. 

For  example,  the  core  that  was  previously  analyzed  without  the 
damper  showed  that  the  critical  time  of  pulse  was  tp  =  Tr/ ,  Con¬ 
sidering  that  the  pulse  time  is  sufficiently  realistic  for  the  natural 
period,  the  following  would  be  the  stroke  required, 

No>Ux  (129) 

where  No  =  the  input  factor  of  accelerations. 

Nx  =  the  desired  limitation  on  input  to  aircraft. 

Let  N0  =  1/3  (see  Section  III  part  A2)# 

Tjj  =  1  (conservative) 

then 

8  =('/?)  3  ss  I  ft  ft.  or  15"  of  stroke.  (130) 

Thus, a  reasonable  device  would  eliminate  the  impact  and  render  this 
condition  not  critical. 

The  towbar  3hown  in  Fig.  rt  is  a  safety  device  designed  to  pro¬ 
tect  the  aircrafts'  nose  "ear  structure  from  being  damaged  by  abnormally 
high  towing  loads.  In  the  event  of  a  sudden  start  or  stop  by  the  towing 
vehicle,  where  longitudinal  nose  <ear  dcsirm  loads  are  exceeded  in  either 
the  fore  or  aft  direction,  the  energy  absorption  unit  in  the  towbar  will 
prevent  catastrophic  failure.  The  absorption  of  energy  is  accomplished 
by  the  use  of  a  precrushed  honeycomb  core  which  will  function  from  J‘he 
time  the  design  load  on  the  sneer  pins  is  exceeded  until  the  core  is 
bottomed  out.  The  cut-away  view  shews  the  operation  of  the  safety  unit, 
after  failure  of  the  shear  pins,  tor  both  a  tensile  and  compressive  load. 
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Retaining  Bolt 


B.  Shock  .Absorption  For  Iandlnr  Gear 


The  detail  analysis  of  the  take-off  run  and  the  resultant  pear  load 
tine  history  (Ref.  Fig.  51  )  indicates  that  under  extreme  ground  dip 
conditions  very  larpe  loadings  can  be  Imposed  on  the  landing  gear.  These 
high  loadings  are  or  further  importance  since  in  large  siae  aircraft  the 
winr  structural  response  is  very  large  due  to  the  coupling  of  the  rigid 
and  elastic  body  frequencies. 

The  principle  problem  with  the  rear^as  a  shock  absorption  device^is 
that  as  the  velocity  of  the  oleo  increases  the  gear  resistance  is  greater 
than  desired,  in  fact  v?ith  sufficient  velocity  build-up  the  gear  locks 
up  and  all  shock  absorption  is  lost. 

The  normal  landing  gear  can  Ke  represented  by  a  spring  and  a  damper. 
A  more  sonhisticeted  analysis  could  make  both  the  spring  and  damper  non¬ 
linear.  However* the  basic  problem  can  be  illustrated  by  the  linear  case 
and  for  this  portion  of  the  report  a  linear  analysis  is  sufficient  to 
illustrate  the  problem. 


The  gear  forces  could  be  controlled  by  at  least  two  means,  these 
being  (1)  a  built  in  pressure  relief  valve  and  (2)  a  shock  absorber  whose 
resistance  is  constant  and  Is  in  series  with  the  oleo.  Both  eysteme  are 
load  liriters  end  suppress  the  high  peak  loadings  on  the  gear  from  dy¬ 
namic  conditions.  3oth  ore  deslrablo  from  an  operational  viewpoint  in 
that  the  device  is  a  sacrifical  element  to  oafe guard  the  primary  struc¬ 
ture  of  the  aircraft.  Both,  however,  are  "extra  weight"  items  from  the 
viewpoint  of  present  structural  design  specifications  but  might  be  Just¬ 
ified  by  the  weirht  saved  if  the  gear  had  to  be  designed  for  extreme 
conditions  that  are  not  yet  specified  explicitly  in  structural  specifi¬ 
cations,  such  as  rouch  field  landings. 


As  an  example  of  the  effectiveness  of  a  load  limiter  and  the  require¬ 
ments  in  stroke  to  be  effective^an  analysis  is  made  of  a  gear  entering  a 
1  -  Cos  dip.  Since  this  i3  a  transient  load  problem  the  damper  is  neg¬ 
lected  for  simplicity  of  analysis. 


Case  (1)  1  -  Cos  Dip.  Simple  Sprung  Mass  System 


The  conation  cf  tho  dip  1st 


*2  -A/2(|-  COS  LUt) 
2  2  0 


for 


l'or 


tf  *  t  >0 
C  it4 


(131) 


where  A  =  dip  amplitude,  in. 

OJ  =  277V/X  ,  Red. 

=  x/V  *  Sec. 

The  solution  to  this  case  is  specified  in  4-3  (a)  and  4-3  (b) 
of  Ref.  (8)  for  on  amplitude  response  on  a  fixed  spring  condition.  The 
some  solution  applies,  but  in  this  case,  to  the  acceleration.  /vjo\ 


Equation  132  applies  during  wheel  penetration  into  the  dip.  When  the 
wheel  is  out  of  the  dip,  that  is  t  £  t^,  then  the  residual  ampli¬ 
tude  is* 

-jK  =  S,N  "n  (t  - U/i)  (133) 


For  a  tia/rVi  ratio  of  1  a  plot  of  the  \c„  .eration  response 
is  shown  in  Figure' 57  and  the  maximum  acceleration  occurs  while  the 
wheel  is  in  the  dip  region. 


For  .  Wt„  *  i  the  system  is  in  "resonnance"  i.e. 

and  equation  132  must  be  solved  by  L' Hospital's  method.  Since  an 

indeterminacy  exists  at  the  exact  value  of  t.  =  T  . 

4  N 


The  peak  response  is  1.7  at  t  =  .75. 


•  • 

The  dip  acceleration  is  Z  = 
acceleration  is: 


-4-at, 


51*46*  and  the  peak  dip 


a*  -A4T?(v/>.)2  (134) 

Thus,  the  peak  force  on  the  gear  is: 

Fma<=  1.7  MA4TT2(v/x)2  (135) 


vi  rr 


The  load  limiting  device  would  be  either  a  pressure  relief  valve  or 
a  plastic  enerry  absorber  (constant  force  resistance).  The  activation 
would  occur  only  when  the  gear  loads  start  to  exceed  a  desired  value#  Since 
the  critical  range  is  within  t  ^  t /,  i,e.  while  the  gear  is  in  the  dip, 
then  the  solution  is  evolved  as  follows: 

Prior  to  load  limiter  activation,  the  equations  of  dynamic  equil¬ 
ibrium  are: 

(136) 

•  %  •#  M  •  • 

The  solution  of  V»  is  the  same  as  shown  in  equation  132.  At  =  1 
the  velue  of  t  is  as  shown  in  Fig.  4  -  12  of  Ref.  (  8  ),  then: 

i  =  COS  cut]  (137) 

and  the  velocity  at  ef  i/fc  1st 

CO  SIN  totwfe  (138) 

Since  oo  -  2  rrv/x  ,  then  out*/  2  —  TT  radians  and  &  =Ao>/a  (fps) 

2  The  excess  kinetic  energy  to  be  dissipated  has  a  value  of  1/8 
M  A  W2  .  It  is  then  necessary  to  provide  sufficient  stroke  for  the 
load  limiter  to  permit  absorption  of  energy  to  hold  the  gear  load  down  to 
its  response  of  unity.  The  gear  load  for  a  response  of  unity  is 

M  or 

Therefore  the  energy  equivalence  is: 

MA/2 


AM  (139) 
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The  required  absorption  stroke  is  related  to  the  dip  amnlitude  for 
the  -ost  critical  case  of  tV^=  1  (resonnance)  and  is  one  fourth  of  the 
total  dip  amplitude.  The  inference  should  not  be  drawn  that  only  a  fourth 
of  tie  dip  amplitude  is  required  for  the  dis3ipator  cvicc  stroke  but 
rather  to  hold  tho  v'esponse  to  unity  a  certain  value  is  required.  Due  to 
the  fact  the  acceleration  load  increase  is  pronorti onal  to  the  dip  ampli¬ 
tude  and  the  square  of  the  speed  (for  a  riven  din  wavelength  )  it  may  be 
necessary  to  consider  even  lover  response  factors  than  unity. 

For  the  purposes  of  this  report  the  nrevious  analysis  illustrates 
the  effectiveness  of  a  load  limiting  device  in  series  with  the  normal 
oleo  rnd  hoi;  little  stroke  is  rcqviredto  reduce  the  response  factor* 

The  following  is  a  nummerical  example  to  illustrate  the  order  of  mag¬ 
nitude  of  tho  physical  values  of  the  problem: 

For  an  aircraft  with  a  natural  period  of  one  second  the  dip  wove  — 
lenrth  for  a  resonnant  condition  is: 

Tk  =-fc^  =  I  =T  )s/v  or  X-V  Pt.  (140) 


For  a  90  for  aircraft  around  run  speed 
-  90  ft. 

CO=  27 7v/j\  —  27T  Rad/5ec 

|z|  =  A41T2,v/x 

and  for  a  10"  dip  amplitude 

2 

1*1  =  1^12(4  ir*X.)  =  32.^  Ft/Scc  (141) 

=  lr  vertical  around  a.ccel. 

£  =.  A //\  =  10/4  =  2^*'  auxiliary  stroke  required,  (142) 
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Figure  57  -  Repponse  Factor  vs .  ■  lrno  Ratio 
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VII  conclusion 


The  conclusions  of  this  report  are  based  in  so  re  respects  on  the 
(er*<m  •'olutions  of  lhe  V/STOL  configurations.  Since  these  designs  repre¬ 
sent  a  lar<~e  extrapolation  to  what  has  been  built,  there  exists  a  basic 
problen  that  changes  in  the  state  of  the  art  or  different  design  solutions, 
will  appreciably  modify  the  details  of  the  structure  and/or  the  dynamic 
problems  involved.  However,  the  trends  found  from  this  report  may  well 
influence  the  designer  to  recognize  basic  problems  and  allow  some  insirht 
into  the  structural  problems  involved.  Therefore}  re copnizing  the  preceding 
remarks,  the  conclusions  of  this  report  are  as  follows: 

The  larre  logistic  V/fT'OL  designs  studied  in  this  report  will  produce 
■'ore  basic  winp  structural  problems  in  that: 

(a)  The  winp  structures  are  sufficiently  reduced  in  stiffness 
to  have  natural  frequencies  low  enough  to  strongly  couple  with  the  ripid 
body  frequencies  of  the  aircraft  on  its  landing  gear. 

(b)  The  stronp  coupling  of  the  winp  elastic  structure  with  the 
lar.cinp  rear  precludes  usin'-  Ahe  ripid  body  landing  gear  forces  as  a  sep¬ 
arate  forcin"  function  into  the  winpa.  The  effect  of  coupling  reduces 
the  ririd  body  acceleration  but  appreciably  increases  the  dynamic  bending 
moments  on  the  vin^.  The  data  of  Fig,  51  of  the  detail  dip  analysis  shows 
the  difference  in  calculating  loads  by  the  ripid  body  method  and  the  effects 
of  coupling. 

(c)  rue  to  the  coupling  effects  ol  the  elastic  structure  with  the 

ririd  body  on  the  landinr  pear,  the  most  critical  V/  ratio  for  runway  dips 
cannot  be  ascertained  by  inspectinp  the  free-free  elastic  body  frequencies 
or  the  aircraft  ripid  body  frequencies  on  its'  lancin'-  pear.  In  addition, 
the  critical  rct'o  is  not  a  sinple  value  since  different  parts  of  ohe 

structure  are  critical  for  different  values  of  the  'h/A  ratio.  The  main  gear 
■oppressive  load  is  critical  for  lew  values  of  V*  (in  the  order  of  l)  and 
follows  the  value  of  the  vertical  c.p,  acceleration.  The  nose  pear  was  found 
to  c  critic'1!  for  a  hirher  value  of  (in  the  order  of  l£  )  and  appears  to 
follow  nitchinp  acceleration  at  the  c.g.  Winp  torsion  is  critical  at  the  same 
K/je  r  *  -s  the  nose  rear  and  is  also  due  to  pitching  accelerations  of 
Mir  c.-.  V.'inr  root  bendinr  moments  are  critical  for  a  slightly  hirher  wt 
(s^cio:  ’lately  1,6)  and  apnear  to  be  the  result  of  the  induced  bending  from 
tors  5  or.al  rr  sponse  • 

(d)  The  most  critical  V/STOL  configuration  was  found  to  be  tho 
Tilt  V’inr  e’esim.  The  cr-i  t.i  cal  i  tv  v;es  nrndonimitely  due  to  the  low  natural 
frequencies  and  strong  bending-torsion  coupling. 

(e)  Critical  conditions  can  be  controlled  by  introducing  oper¬ 
ating  equipment  desirned  to  absorb  shock  such  as  tie  t.owbrr  design  spec¬ 
ified  in  the  section  including  Special  Design  Consider* t’ ons.  Sneciel 
devices  stich  as  a  landinp  pear  load-1  initinp  device,  also  included  in  the 
section  for  Special  Desim  Considerations,  may  well  be  the  answer  to  the 
nroblem  associated  with  hirh  dynamic  loads  by  attaching  the  brsic  problem 


at  its  source.  While  "tuning"  the  landing  gear  to  reduce  response  is  a 
possible  solution,  there  always  exist  the  problem  that  basic  design  con¬ 
siderations  of  the  geometry  of  the  landing  gear  and  required  stroke  for 
specified  sink  speeds  will  govern  the  designs* 

(f)  The  problem  of  an  aborted  take-off  appears  to  be  an  oper¬ 
ational  condition  of  specifying  the  height-velocity  range  for  safety  in 
hover.  The  Burled  Fan  design  appears  to  be  the  configuration  which  is 
most  restricted  since  it  has  a  relatively  poor  height-velocity  envelope 
due  to  the  inefficiency  of  the  fan  with  forward  speed*  The  only  solution 
that  appears  reasonable  for  the  latter  design  is  having  sufficient  power 
in  the  basic  design  that  a  partial  power  failure  Will  not  allow  less  than 
that  required  for  operation  during  take-off*  This  is  a  penalty  requiring 
excess  power  over  and  above  that  required  for  normal  operation,  but  is  a 
problem  that  appearo  to  be  associated  with  the  Buried  Fan  design* 
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VIII  ?jrr>;;,7  T/.Virr  FOR  IT  RUHR  STl’DY 


1.  The  des^'rn  solutions  of  this  renort  should  bo  used  as  the  basis  for 
further  stvdics  in  struct*  ml  rcsoon.se.  The  structural  data  arrived 
at  for  the  V/fVOL  designs  is  based  on  conf ipuration  studies  that  have 
a  reasonable  amount  of  engineering  work,  sufficient  to  arrive  at  rel¬ 
atively  v-'lid  conclusions. 

2.  T!  c  concept,  of  a  load  lir.iter  on  the  rears  offers  a  possible  inex¬ 
pensive  means  of  minimizing  structural  response  for  extremely  rough 
field  landings.  Therefore,  the  analysis  should  be  extended  to  in- 
cludej’’n  the  enu*  tions-  of  motion^a  load  limiter  and  to  assess  how 
much  stroke  is  required  for  the  '“ears. 

3.  The  l* nr  in r  rear  analysis  should  be  extended  to  a  matrix  of  speeds, 
wave  longth  ratios,  and  dip  depths  to  assess  the  full  renpe  of  re¬ 
sponse.  A  spectrum  of  loadings  can  then  be  established  to  further 
assess  the  fatinje  problems  associated  with  anticipated  roigh-field 
runway  operations. 
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APPENDIX  I 

CONFIGURATION  nrsTr.TT  MFTwnnc  amti  attatvctq 


1?4 


Pro  rented  herein  is  a  method  for  estimating  design  solutions  of 
V/STCh  aircraft  to  meet  a  specific  mission  and  payload  requirement.  There 
are  five  different  V/STOL  configurations  considered  as  required  by  Ref¬ 
erence  13  . 

1.  Fixed  Jet 

2.  Buried  Fan 

3.  Tilt  Wing 

4.  Tilt  Propeller 

5.  Fxtended  Flap 

The  assumptions  and  conditions  employed  in  the  analysis,  along  vith 
the  basis  for  the  assumptions  are  presented.  The  development  of  the  par¬ 
ametric  equations  is  presented  in  detail. 

The  results  of  the  analysis  show  that  wing  loading  increases 
rapidly  while  the  weight  empty  to  take-off  weight  ratio  decreased  slightly 
(prooeller  configurations)  with  decreasing  take-off  gross  weight.  However, 
due  to  limiting  factors  such  as  aspect  ratio, number  of  propellers  (in 
some  cases)  and  STOL  performance  (in  some  cases),  which  are  a  function  of 
wing  loading,  the  minimum  take-off  gross  weight  must  be  limited.  The 
choice  of  the  design  solution  \;as  not  always  selected  at  these  limiting 
values  if  the  t^ke-off  "ross  weight  reduction  is  only  slightly  beneficial. 
Thus,  the  useful  load  (proneller  tyoe)}ST0L  capability  and  wing  structural 
efficiency  of  the  aircraft  are  improved  while  reducing  wing  propeller 
d^mamic  response  problems. 

The  desim  solutions  for  each  of  the  aircraft  ara  presented  in 

Table  H. 

Method  of  Analysis 

’h'  objective  of  this  analysis  i r  to  estimate  a  design  solution  for 
the  five  different  V/.7T0L  aircraft  which  arc  capable  of  carrying  a  10  ton 
payload  1300  nruticsl  "iles,  initially  takin"  off  vertically.  Since  the 
conf’ rurat: onn  are  different  in  many  resnects  a  completely  general  analysis 
'r  o+  possible,  however,  some  generality  may  be  obtained  if  the  proDeller 
'  1  re.'’'  ft  (Tilt  I  Jin'",  Tilt  Propeller,  and  fxtended  Flap)  are  grouned  to- 
r  '  '•r.  Tic  jet  tyres,  being  similar  in  the  cruise  mode  only,  are  con- 
’  •  ’  separately. 


V/fTOI  Conditions  and  Assumptions 

AaawnpUgng 

1.  The  required  range  and  payload  are  1800  nautical  miles 
and  20,000  lbs,  respectively, including  a  10 fuel  reserve, 

2.  The  cruise  speed  shall  not  be  less  than  250  knots. 

3.  Standard  day  conditions. 

4«  Hover  out  of  rround  effect. 

5.  The  net  lift  to  rross  weight  ratio  is  1,3. 


6.  An  average  airfoil  section  is  used  for  lift  and  drag 

estimate a, 

7,  Cruise  altitudes  range  from  30,000  ft*  to  38,000  ft. 

8,  The  weight  of  the  crew  plus  trapped  fluids  is  approximately 
2000  lbs. 

9.  The  sum  of  the  propeller  diameters  plus  the  fuselage  width 
equals  the  wing  span  (propeller  configurations  only). 

10.  State  of  the  art  thrust  to  propulsion  weight  ratio, 
(engines,  transmission,  and  propeller  -  turboprop  system) 
is  approximately  5.3  lbs/lb.  (see  Reference  12  ) 

(propeller  configurations  only). 

11.  Installed  thrust  to  brake  horsepower  ratio  is  2.9  lbs/HP. 

12.  wfu  =  14  ft.  (see  B5i). 

B.  Individual  Configuration  Properties  and  Assumptions 

1.  Tilt  Wing 

a.  n  =  4,  the  number  of  props. 

b.  .7,  static  propulsive  efficiency  including 

transmission  losses. 

^  c.  =  .75 ,  propulsive  efficiency  including  transmission 

losses  (cruise). 

d.  sfc=  .52  lbs/BHPAr  (cruise)  t  specific  fuel  consumption. 

e.  Cruise  altitude  =  30,000  ft. 

f.  NACA-23021  airfoil  section. 

g.  "Xi  =  0.6,  wing  taper  ratio 

h.  Yj  -  1.0 1  factor  accounting  for  wing- propeller 

interference  losses, 

2.  Tilt  Propeller 

a.  n  =  2 

b.  \\0  =  .7 

c.  *1  =  .75 

d.  sfc  =  ,52  lbs/BHP/hr  (cruise). 

e.  Cruise  altitude  =  30,000  ft. 

f.  NACA  23021  airfoil  section. 
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r.  -  0.6 


h.  Wing  section  outboard  of  propeller  nacelle  tilt3 
ui  th  the  proneller. 

i*  Vortical  drarr  =  0,1  U;  V  =  ,9 

3.  Extended  Flap 

a.  n  =  4 

b.  r\0  =  .7 

c.  .75 

d.  sfc  =  . 52  lbs/3HP/br.  (oruis#). 

e.  Cruise  altitude  =  30,000  ft. 

f.  NACA  23021  airfoil  nrction, 

g.  7*  *|  =  0.6 

h.  The  flow  turning  losses  are  105&  of  the  propeller 

thrust  j  =  ,9 


4.  Fixed  Jet 

a.  NACA  23012  airfoil  section, 

b.  Tsfc  =  .75  lbs/lb/hr  ,  thrust  specific  fuel  consumption 

(turbo-fan  engines). 

c.  kj  =  1.0 

d.  Cruise  altitude  =  38,000  ft. 

e.  Fnrine  nacelle  rquivolmt  parasite  drap  increment  equals 
7.3  ft^  (total  for  t'  nr.ee  lies). 

5.  Buried  Fan 


a4  ^  =  ,0x1  ,  ratio  of  fan  turbine  blade  length  to  fan 
diameter  disc  loading 

b.  DT  =  rr£  prf ,  disc  loading,  (the  corresponding 

augment;  tion  ratio  =  2.2  lbs  rlb.), 

c.  n  =  4  ,  mm.b <  r  of  fr  ns. 

d.  Tsfc  =  .82  1 bs/lb/hr  (turbojet). 

e.  Cruise  altitude  =  , 5»00D  ft. 

f.  IIACA  2°015  airfoil  suction. 
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g*  *Xi  ~  *4 

h.  =  ,2  ,  ratio  of  flap  width  to  chord. 

1*  For  this  configuration  vfU  =  14  +  6  =  22  ft.  - 
fuselage  width  plus  fan  clearance  distance. 

J.  k3  =  1.0 

PlacuBslon  of  Aaounntlona 

Considering  part  A,  Items  1  through  4  are  stipulated  by 
Reference  13  .  ±tem  5  is  required  to  insure  hovering  and  control 
capability  at  altitude  and  temperature  conditions  other  than  sea  level. 
Items  6  and  8  are  used  for  simplicity.  The  chosen  cruise  altitudes, 

Item  7,  are  typical  of  present  day  transports.  Item  9  arises  from  the 
requirement  that  the  wing  be  emersed  in  the  propeller  slipstream  during 
transition  to  limit  severe  wing  stall.  Reference  1?  points  out  repre¬ 
sentative  values  for  thrust  to  propulsion  system  weights  for  various 
lift  systems  (Item  10).  This  study  incorporates  a  conservative  value^ 

5.3  lbs/lb  (compared  to  5.9  lbs/lb)j  to  reflect  the  large  extrapolation 
of  the  required  turboprop  systems  used  by  these  configurations  as  com¬ 
pared  to  the  largest  system  available  today.  Thrust  to  installed  horse¬ 
power  (Item  11)  was  initially  optimized  and  the  resulting  value  was 
found  to  be  consistent  with  Item  10.  (see  equations  6  and  7).  Item 
12  is  consistent  with  present  day  transports. 

The  assumptions  of  par  t  6  reflect  the  characteristic  differences 
of  the  configurations.  For  instance,  the  Tilt  Propeller  and  the  Extended 
Flap  configurations  have  lArgS  wing-propeller  interference  in  hover  as 
compared  to  the  Tilt  Wing  aircraft  (Blh).  Reference  10  indicates  about 
a  10 %  turning  loss  when  converting  the  propeller  induced  flow  into  lift 
(B3h,  Extended  Flap),  while  the  net  lift  loss  due  ,0  wing  drag  (wing 
planform  normal  to  the  propeller  slipstream)  is  estimated  to  be  about 
K#  of  the  propeller  thrust  (B2i,  Tilt  Propeller).  (B2h)  was  incorporated 
to  minimize  this  drag  and  to  improve  transition  flight. 

Assumptions  Bib,  Blc,  Bid,  B2d,  B3b,  B3c,  B3d,  B4b,  and  B5d  are  based 
on  present  day  propeller,  transmission,  and  engine  characteristics.  The 
21%  (avorage)  thick  airfoil  section  (Blf,  B2f,  B3f)  for  the  propeller 
configurations  were  chosen  because  of  the  requirement  for  large  chord 
double  slotted  flaps  and  the  desirable  Ct  max.  characteristics  of  a  thick 
airfoil.  The  If#  (average)  thick  airfoil  section  (B5f)  chosen  for  the 
Buried  Fan  is  a  compromise  between  a  thin  airfoil  requirement  for  a  high 
speed  vehicle  and  a  lift  fan  efficiency  requirement  which  calls  for  a  deep 
shroud,  i.e.,  large  airfoil  thickness.  Obviously,  with  no  abnormal 
requirements  for  large  wing  thickness  (other  than  structural),  the  Fixed 
Jet  has  the  thinnest  average  section,  1256  (B4a). 

For  the  Buried  Fan,  .  (B5g)  is  chosen  based  on  optimum  span 
efficiency  (see  ^oference  9  )  and  proper  wing  geometry.  The  number  of 
fans  (B5C)  in  dictated  by  winn  geomotry  and  fan  diameter  while  DL  (B5b) 
which  also  influences  fan  diameter,  is  a  compromise  between  diameter  and 
fan  aumentation  ratio,  i.e.,  size  and  number  of  turbojet  engines  which 
should  be  minimized  in  order  to  natch  cruise  thrust  requirements  for  the 
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internal  space  of  the  wing.  *CL  (B5h)  wan  held  to  a  normal  value  for 
a  fixed  wing  aircraft.  Lift  Fan  turbine  buckets  normally  have  a  length 
of  about  6%  of  the  fan  diameter,  (B5a). 

Range  of  Possible  Solutions 

Figures  o2b,  63b,  64b  and  65b  show  the  range  of  possible  solutions 
for  the  various  configurations.  In  each  case  the  required  take-off  weight 
decreases  as  wing  loading  is  increased.  However,  since  AR  varies  directly 
asVg  and  since  there  aircraft  are  required  to  have  STOL  capability,  a 
restriction  must  be  placed  onVg,  AR  must  be  limited  since  structural 
efficiency  decreases  and  dynamic  response  problems  increase  with  increasing 
AR.  The  limits  for  these  two  parameters, chosen  consistent  with  existing 
transport  aircraft,  is  as  follows:  (see  part  a  and  c  of  Figures  62, 

63 ,  64  and  65 ) . 

ws  «.  120  psf 

AR  =  11.0 

Selection  of  Final  Configuration 

It  must  be  noted  that  the  solutions  were  not  always  chosen  at  these 
extreme  values.  For  instance,  if  it  appeared  that  there  was  not  signif¬ 
icant  gain  in  reducing  W  by  increasing  w'B  (Figures  62a,  63a  and  65a) 
the  solution  is  set  at  a  lower  Vg, 

For  a  given  number  of  propellers  or  lift  fans,  the  results  point  out 
that  diameter  Increases  with  W.  But,  since  the  diameters  did  not  grow  to 
extreme  values  (except  In  the  case  of  the  Tilt  Propeller)  it  was  not  con¬ 
sidered  a  limiting  factor* 

It  now  remains  only  to  select  the  number  of  propellers  for  the  pro¬ 
peller  configurations.  Four  is  chosen  for  the  Tilt  Wing  (Bla)  in  order 
to  alien;  a  relatively  small  diameter  and  to  achieve  a  smooth  slipstream 
velocity  over  the  wing  than  would  result  with  a  2  propeller  version.  A 
6  propeller  version  would  result  in  undue  complexity,  higher  sspeot  ratios, 
and  higher  concentrated  loads  of  more  extreme  spanwise  positions  along  the 
wing.  This  solution  is  unfavorable  in  view  of  wing— propeller  flutter 
characteristics.  For  this  same  reason,  four  propellers  (B3a)  were  chosen 
for  the  Extended  Flap  configuration,  even  though  a  smooth  slipstream 
velocity  is  most  impo  -tant  for  this  aircraft  when  in  transition  flight. 
Concerning  the  Tilt  Propeller  configuration,  tilting  a  minimum  number  of 
propellers  is  considered  the  governing  factor  (B2a).  Unfortunately,  the 
propeller  diameter  becomes  quite  larpe  as  is  shown  in  Figure  64d  . 

Table  14  gives  a  complete  listing  of  the  pertinent  parameters  for 
each  configuration. 
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The  major  weipht  categories  of  the  aircraft  can  be  separated  and 
'■ummed  in  the  following  manner. 

W3Wfc  4  PL  4  PL  4  V/cr  4  Trapped  Fluids 
Dividing  through  by  W  and  assuming  that the  crew  weight  and  trapped  fluids 
equal  about  2000  lbs.  (A  8)  and  P  L  =  20,000  lbs.  (Al)  9  the  non-dimen- 
sionalized  equation  becomes: 


i «  Wt/w  +  pl/w  +  a2,ooo/w 


(143) 


Expressions  for  the  various  ratios  must  now  be  derived  in  terms  of  the  air¬ 
craft  parameters  and  the  mission  requirements. 

Consider  the  hovering  condition  first.  The  propeller  size  require 
ments  are  dictated  by  this  condition.  The  installed  thrust  to  horsepower 
ratio  according  to  momentum  theory  is:  (144) 


G&L*  sso% 


(Ref«  Par. 
A3,A4) 


The  wing  span  is  expressed  in  terms  of  the  propeller  diameter,  the  number 
of  propellers  and  the  fuselage  width  as: 


b  -  nd  4 


(Ref.  Par.  A9) 


Rearranging  i 


where 


-  rf 


b-“fc, 


(Ref.  Par.  *12)  (U5) 


Substituting  equation  L£5  into  equation  144  and  solving  for  W/b* 


*>.  (T/bHl 


For  a  given  installed  thrust  tc  horsepower  ratio,  a  given  installed  thrust 
to  W  ratio,  and  a  given  number  of  propellers,  (l/b.  remains  essentially 
constant  for  b  fc  120)  W/b^  is  essentially  a  constant  =  C-j .  A  similar 
expression  can  be  derived  from  the  relationship  of  wing  loading  and  aspect 
ratio.  . 

OUj  *  W/S 


=  ba/$ 


(146) 

(147) 


CorMnlnp: 

w/t?  S  =c. 


(147  o) 


Therefore,  for  the  none  conditions  ns  mentioned  above,  the  ratio  of  w 
to  AR  is  also  a  constant.  8 


To  determine  a  value  for  (T/BHP) 


ins.  * 


(T/BH  p)((/(t/w'pXK,/bhp^ 


(143) 


From  the  veiphts  nection: 


Wcnflln. —  s  0.5 


gjrvatfy 

BHP 

—  =  0-21 


^  °  WS 


0.1875 

Recall  that  WpA  =  .189  (Kef.  Par.  A10) 

Therefore,  equation  14S  becomes:  (Ref.  Par. 

(t/BHP).  a  .647S/.IW  *2.9  Iby^HP  AH  (U9) 

For  sea  level,  standard  day  conditions,  k,  =  1,3  k«  (A5,  Blh,  B2i, 
B?h),  and  (B2b,  B2b,  B3b)  J 


c, »  s^*a/b4n 

'.nd  from  equations  145,  14~a,  and  150, 

f/z 


(150) 


^  (-W 


(151) 


Now  that  a  relationship  between  w  and  AR,  and  W  and  b  has  been 
found,  the  expressions  for  the  ratios  of  equation  L’,2  are  simpler  to 
establish.  Consider  first  FLA. 

The  cruise  fuel,  assuming  an  avrrare  gross  weipht,  W,  for  the  mission,  is 

^  A*C,B1c^Bld,B2c,B2d,B3c,B3d) 

^  (152) 

Amur 'nr  that  thr  fue]  rrouiir  1  for  r  cr.c  minute  hover  and  climb  to 
cruise  altitude  is  about  of  fro  total  fuel  load,  fen 


W 


=  .00365  &fcLR- 


(153) 


The  cruise  thrust  is  that  required  to  overcome  aircraft  drag. 


-  ^  +  (cdb  t  GJirr 


(154) 


(Ref.  Par.  A6) 


Figure  5  9  shows  that  f  can  be  expressed  as  a  function  of  W,  The  figure 
also  reflects  the  difference  in  aerodynamic  cleanness  between  propeller 
driven  aircraft  and  Jet  driven  aircraft.  This  function  for  f  has  the 
form: 


p  =  c*(w) 


r, 


(154a) 


Using  this  expression  for  f  along  with  equations  146,  147,  and  154 
equation  143  becomes 

(155) 

Recall  that  the  cruise  thrust  is  assumed  based  on  the  average  cruise 
weight  7* 

* = w-(-fc)  W  -2- s  w  Q-  £lJ] 


l-.463-E^. 


(155*) 


now 

Cl*  V? 


(155b) 


and 


_ c£_ 

TT  r^wA1?u/5 


”  TT  V 


TT  r^vv 


(expanded  by  series 
neglecting  higher 
order  terms) 
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Substituting  this  expression  into  equation  155, 


let 


For  a  lonp  ranpe  vehicle  fuel  economy  is  important.  Minimum  fuel  will 
be  used  if  the  aircraft  cruises  at  a  velocity  corresponding  to  (L/7)) way , 
Reference  12  provides  an  expression  for  this  speed  which  in  terms 
ol'  q  has  the  form:  (156a) 


[TTr^AI^o+Cof-^* 

The  airfoil  data  used  is  obtained  from  Reference  1  . 

can  be  rearranged  into  the  form: 


(Ref.  Par.  A2, 
A3,A7,Bl*,Blf, 
B2e,B2f,B3d,B3f) 

Equation  (156a) 


But  using  equations  147c  and  155c 


Combining  and  simplifying  the  symbolism: 


(157) 


JBjO-FIA <0 


St 


Solving  for  A. 


Pt/w)  =  A, 


where 


B3  =  c./iri^ 


How  substituting  this  expression  and  equation  157  into  equation 
and  renrrenping: 


156 


(158) 


Sincp  FL/W  C.  1  ,  a  series 
root  tern  in  equation  15  b  • 
higher  : 


(' ■  Or?  i 


expansion  can  be  used  to  exjiand  the  square 
Propping  the  terms  of  second  order  and 


irj 


Substituting  this  into  equation  15S  and  rearranging,  an  approximate 
expression  for  the  fuel  load  to  take-off  gross  veipht  is  obtained. 


1+ 


(159) 


1’sing  equations  14?  and  159  an  expression  for  the  weight  empty  to 
take-off  prosn  weight  in  terms  of  aerodynamic  requirements  is  derived. 

1  j 


v/fc  -  \  _  a?»oog  _ 
w  w 


(160) 


The  Wr M  curves  for  the  Tilt  Wing,  Extended  Flap  and  Tilt  Prop 
are  shown  in  Firmres  62b,  63b  and  64b  based  on  equation  160  and  the 
weights  equations  solved  in  Appendix  III.  Intersections  of  the  aerodynamic 
and  weights  ctirves  were  used  to  obtain  the  optimum  solutions  within  design 
considerations.  Curves  showing  the  relations  between  wing  loading  and 
take-off  \:eipht,  aspect  ratio  and  wing  loading,  and  propeller  diameter  and 
fake-off  weight  are  also  shown  for  the  three  aircraft  mentioned  above. 


B.  Burled  Fan 

For  this  configuration  it  is  possible  to  relate  the  wing  plan- 
form  to  the  size  of  the  lifting  fans.  Except  for  the  geometrical  form¬ 
ulation,  the  approach  to  deriving  expressions  for  the  ratios  of  equation 
142  is  exactly  the  same  as  used  for  the  propeller  configurations.  Con¬ 
sider  Figure  56 ,  an  assumed  planform  and  airfoil  section. 


rr1)~T^ 


Flfrurc  -  Buried  Fan  Airfoil  Section  and  Wing  Planform 


Assuming  that  there  are  two  fans  in  each  wing  (  not  necessarily  the  same 
size)  (B5c),  that  their  disc  loadinr  is  the  sane,  and  the  geometry  of 
Figure  5B,  the  following  relationships  arc  derived. 
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t/2  *  h^w/e  -  ol(a,+ a*)  *  dla,(i+  a^/a,)  =  ola,(i+  h) 


a/s  -  (£(&-)  (  ) <** 

(161) 

and 

Vs  •'/^(-dhr)^ 

(162) 

Sveep  anple  .A 

but 

® =  ^  ^*0  ^  A*) 

and 

--HH  pisj  =  63r)  ^ 

(162a) 

•  tan -*•=(“&-)(  !♦&  ) 

(163) 

or 

(164) 

Consider  the  airfoil  section  .  . 

1.0  =  .I56  *h.l  +c^e+Xa.+2€c/C 

vhere  »  X^/C  (R,f.  Par.  J5A) 

Therefore 

ft8  oB* 

(165) 

The  chord 

lengths  at  the  centerlines  of  the  fans  are 

Ca,  »  C, — (e,  +  -A. 

CA,=  cr-(e,  +ea-t-d,+dU/a)t»/>-A. 

vhere 

«i  =  Hu/2  +ed> 

SJj  *  € +  daJ  ifp  m'nirnun  distance  between  fang 

(B51) 

There  fore 

CA,  =  Cr—  ljWfu/2  +(6+  t/2)  djj 

Substituting  equation  165 into  the  above,  the  fan  inner  diameter  becomes: 


d,  =  Balti --  ^P-ten 
i  +  (e+6fe)tw>^- 


(166) 


Solving  equation  162a  for  Cf  and  introducing  equation  164  into  the  result, 
Substituting  into  equation  166 ,  (167) 

"W-k- 

(i68) 


How 


Consider  the  denominator,  note  that: 

t*n-A-<.l  voce  -A_  <  *5'® 

e*<i,e<i  a  a 

[7  +•(  /  +2€Xe,/i)  tarc^J]  =£+  (Bt/2)tar>J^+£  %  IMjC] 

—  /  +2€)BitBn’S^»+  ....  (neglecting  higher 

order  terms) 

Consider  the  second  part  of  the  numerator 

^+(A&/4)tan-A--(ba/2)ARt&>-A]  =  /  +{i/Z  -6g)/W  f*j  A. 


If 


But  since  1/4  ^  bg/2  for  any  reasonable  spen  (  b  >  44.0  ft.) 

♦he  necessary  and  sufficient  condition  for  the  expansion  to  hold  is: 


ARt*n  y^<4 


(169) 


Substituting  these  expansions  into  equation  168, 


Substituting  into  162  and  solving  for  w 

S 


i TnLfi  h  +  x.) 


Incorporatlnr  equation  163, 


(170) 


It  can  also  be  shown  that 


(171) 


For  the  established  k,,  a  given  DL,  ,  and  %  (A5),  (B5j),  (B5b), 

(B5g),  (B5h)  w  is  directly  related  to  AR.  This  is  similar  to  the  rela¬ 
tionship  (equafion  5a)  developed  for  the  propeller  configurations.  With 
this  relationship  determined,  the  FL/W  relationship  can  be  developed. 


The  fuel  load  required,  apain  assuming  an  average  gross  weight 
V.',  but  increasing  the  allotment  of  fuel  for  hover  and  climb  to  cruise 
altitude  to  1056  of  the  total  fuel  to  reflect  the  higher  cruise  altitudes 
and  higher  hover  fuel  consumption,  the  total  fuel  load  is: 

FL=(m)(mXt)(t»*XH'v)  (172) 

Using  equations  177  and  134 m,  n  similar  expression  to  equation  155  can  be 
derived  except  ~'.f*  FLA/  is  a  function  of  V  and  not  V. 


^-=[2.045(7-,^  v£ 

The  airfoil  data  used  is  obtained  from  Reference  1  •  Note  that  Cjjq 

must  be  corrected  for  compressibility  as  Shown  in  Figure  (obtained 
from  Reference  5  ), Substituting  equation  156a#reduced  to  V 


(A2,  A3,  A7,  B5c).  FLA/  has  the  form: 


W 


,  rij/w  nas  une  iorm;  A  *  p 

4.04S(T„c)R\ ^ 


Arain,  letting  A3  ~  + 

aoove  expresrion  reduces  to 


ftr-i) 


'V^RCC4o+  qp'A'tiJ 

ana  using  equ.  tions  x55b  and  156a,  the 


-§h--  [4oi(t»<c)  RAjl  pgi  _>,< 

L  v  /  3J  jjrt^ARu^Aj  W 


We  arrive  at  an  expression  similar  tr  equation  15!5a. 


(igf  *  f  -  i/* K/w) 


•/a 


(173) 


Substituting 


Squaring  and 


this  approximation  into  equation  173 

(#■)"  [4  (#)*►«(#•)"] 


where 


The  ratio  wfl/AR  is  governed  by  equations  170 and  171. 

Since  the  equations  used  in  these  analyses  are  approximate, 
the  final  solution  must  be  checked  using  the  exact  equations  to  get  the 
exact  values  fcr  the  Wj.  and  FL,  The  Wg)V  curve  for  the  Buried  Fan  is 
shown  in  Fig.  65b  based  on  weight  equations  listed  in  Appendix  III  and 
from  substituting  the  proper  expressions  into  equation  I43 .  The  inter¬ 
section  of  the  two  curves  resulting  from  these  equations  was  used  in 
determining  the  optimum  design  solution.  Curves  showing  the  relations 
between  take-off  weight  and  wing  loading,  asnect  ratio  and  wing  loading, 
and  take-off  weight  and  fan  diameter  are  giv.  in  Fig.  65a,  c  and  d. 

C.  Fixed  Jet 

In  this  case,  there  is  no  fixed  relationship  between  the  thrust 
produoer  and  the  wing  planform.  A  trial  and  error  method  was  used, 
solving  FLAT  and  W jA*  ratios  for  various  combinations  of  AR  and  v0  for 
a  fixed  Xi  (B3)  and  sweep  back  angle  (B40 )  •  The  cruise  speed  was  in¬ 
creased  by  about  25%  over  that  whioh  would  be  dictated  by  equation  X56* 
because  productivity  is  increased  while  the  fuel  load,  and  consequently 
W. increases  only  slightly.  It  is  also  noted  that  an  increment  in  equiv¬ 
alent  parasite  drag  over  that  predicted  by  Figure  5  9  »  to  account  for 
the  engine  nacelle  drag,  is  incorporated  and  estimated  to  be  7.3  ft. 
(total  for  two  nacelles).  The  airfoil  data  used  for  this  configuration 
is  obtained  from  Reference  1  •  The  assumptions  of  part  34  Apply  here. 


Because  this  was  the  first  aircraft  analyzed^ equations  are  not 
given  since  the  solution  was  obtained  by  a  trial  and  error  process.  The 
design  solution  was  arrived  at  using  graphical  methods  by  plotting  the 
aerodynamic  and  weights  relationships.  It  became  evident  that  since 
four  more  aircraft  would  be  analyzed  a  derivation  of  design  equations  was 
desirable  and  necessary.  Subsequently,  equations  were  derived  for  the 
remaining  four  V/STOL  aircraft  as  already  presented. 
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PARASITE.  DRAGl^AREA H  F 


Fixed  Wln«  Transport  Aircraft  Parasite 


7-  ©  aT 

l _ ! _  :  i 

OM 

^07] 

f  n 

r  , 

I 

i 

’  ■  T 

t  ' 

Wqt  empty/take-off  wg,t- 


TAKE-OFF  w/QT 

Figure  60  -  Typical  Aerodynamic  and  Weight  Variation  of  Configuration  Solution 
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PROFILE  DRAG  DOE  To  COMPfRESSl BiUTY  -'A.G 


t 


RATiO  WING  LOADING  y  JSblfT 


£ 


WING  LOADING  $  iLB$/ FT* 


TAKErOFF  WEIGHT.  L£fc*lO’S 


£ 


Figure  6k  -  Configuration  Design JSolutloE  top  Tilt  Prop+ller 


Figure  65  -  Configuration  Design  Solution  for  Burled  Fen 


Table  3k  -  V/STOL  Configuration  Data 


- -  Config. 

Aircraft  Data  _ 

Fixed 

Jet 

n 

Extended 

Flap 

“1 

Tilt 

Prop 

Duried 

Fan 

Take-off  Design  Gross  Weight 
(VTOL),  V,  Lbs. 

172,000 

(172,200) 

223,000 

(222,768) 

263,000 

(262,563) 

308,000 
(307, 92j 

253,000 

(253,044) 

Weight  Empty,  Wj;.  Lbs, 

94; 272 

162.708 

■C0ER3 ESS 

Payload,  Ft*  Lbs* 

20,000 

20,000 

20,000 

20,000 

20,000 

Crew  &  Trapped  Fluids,  Lbs* 

2,168 

2,275 

2,355 

2,617 

2.501 

Total  Fuol,  FL.,  Lbs. 

52,520 

77,500 

94,500 

Useful  Load/.V 

0*452 

0.405 

0.379 

0*425 

0(463 

Wing  Area,  S,  Ft,  2 

1,650 

2,365 

2,600 

2,560 

2,800 

Aspect  Ratio,  AR. 

8.0 

9.0 

00.3 

6.6 

4.0 

Sweep!,  nek  at  l/4  Chord.  Degrees 

32.0 

- 

- 

- 

13.0  | 

Span,  Ft, 

115 

146 

164' 

130' 

105.8 

Airfoil 

P^EKEESii 

23,021 

HEKSBi 

23,015 

Thickness/Chord 

SPE3HE53 

♦ 21 

.21 

SUB 

wmmmm 

High  Lift  Devices 

Slats 

and 

Flaps 

Full  Span  Slat 
and  Double 
Slotted  Flaps 

9  Full  Span 
Slats  and 
Double  Slotte 
Flaps 

Full  Span 
Slats  and 

1  Double 
Slotted  Finos 

Full  Span 
Slats  and 
Flaps 

Tip  Chord/Root  Chord 

0.282 

0.6 

0.6 

0.6 

0.441 

Prop  Diameter,  Ft. 

- 

33.0 

37.5 

57.5 

ran  Dia. 

15.1,  11*95 

Number  of  Props  ,  n 

- 

4 

4 

2 

No.  ofFans 

Installed  Thrust/V 

1.3 

1.3 

1.445 

1.43 

1.3 

DL  Hover  z  1.3W  (Losses  )/rrnR2 
lbs/  Ft.2 

- 

84.8 

84.8 

84.8 

558 

(Continued) 


Table  Ik  -  V/STOL  Configuration  Data 


- — Config. 

Aircraft  Data  ” 

Fixed 

Jet 

Tilt 

Win g 

Extended 

Flap 

Tilt 

Prop 

Curled 

Fan 

Figure  of  Merit 

- 

_  °-7 

0.7 

0.7 

• 

Prop  Cruise  Efficiency 

- 

0,75 

0.75 

0.75 

- 

Inst.  Static  HP  or  Thrust,  Lbs, 

Thrust 
_  221,000 

MES1S!B«M 

1 

sm 

I4^f^6o 

Power  Loading,  Lbs/HP 

2.9 

2.9 

2.9 

• 

Thrust  Distribution 

wikm 

- 

- 

MSHHB 

rquivalent  Parasite  Drag  Area,  Ft,^ 

25.3 

55.0 

61,0 

69.0 

—  1  •  W -  1  — 

22.7 

Cruise  Altitude,  Ft. 

38,000 

30,000 

30,000 

30,000 

35,000 

Cruise  Speed,  Knots 

400 

275 

275 

300 

400 

Average  Height,  Lbs. 

343,000 

181,250 

228,500 

251,500 

200,650 

Cruise  Gj 

0.595 

0.797 

0.872 

0.849 

0.440 

Cruise  SFC  or  TMPC 

0.75 

0.52 

0.52 

0.52 

0.82 

Cruise  Thrust,  Lbs, 

wmm 

15,100 

wmm 

23.700 

II-1BSBS1S! 

M/S,  Lbs. /Ft. ^ 

86.7 

93.0 

100.0 

120.0 

90.4 

Chord/Diometer  Patio 

- 

0.491 

0.424 

0.339 

- 

Prop  Area/\/ing  Area  Ratio 

— 

1.45 

1.70 

2.01 

0.21 

Lift-Off  Speed  (STOL)  Knots 

108.5 

53.5 

59.0 

_ 65*0 _ 1 

• 

Over  loud  Gross  Weight  (STOL) 

C  9529M 1 

KP1S1  | 

ESIS9H 

mmmi 

ST^L  Overload  Factor 

1*35 

1.5 

1.5 

w 

- 

JU*  Degr«« 

10 

5 

• 

1.3 

Degrees 

10 

10 

30 

10 

6 

d  -  D«crr mb 

20  _ 

Bffl  • ' 

No.  of  Ratio  Units  used  for  STOL 

2  (Parallel)* 

- 

- 

*'■  Thrust  =  115,700  lbs/unit 


APPEND  DC  II 


STOL  PERFORMANCE  METHODS 


Presented  herein  Is  an  approximate  method  for  calculating  the  STOL 
performance  of  VTOL  type  aircraft.  There  are  five  different  VTOL  config¬ 
urations  analyzed  as  required  by  Reference  13  namely: 

1.  Fixed  Jet 

2 .  Buried  Fan 

3.  Tilt  Wing 

4.  Tilt  Propeller 

5.  Extended  Flap 

The  assumptions  and  conditions  employed  in  this  analysis  are  pre¬ 
sented  along  with  a  discussion  of  these  assumptions.  The  detailed  equa¬ 
tions  and  procedures  used  to  carry  out  the  analysis  are  also  presented. 

The  desirn  solution  of  each  of  these  aircraft,  which  were  previously  de- 
terminedjis  given  in  Table  14, 

Method  of  Analysis 

The  objective  of  this  analysis  is  to  determine  at  what  overload 
gross  weight  each  of  the  five  configurations  is  capable  of  clearing  a  50 
ft.  obstacle  located  at  the  end  of  a  1000  foot  runway.  Since  the  con¬ 
figurations  are  different  in  many  respects,  a  completely  general  analysis 
is  not  possible.  Some  generality  nay  be  obtained  if  the  aircraft  are 
grouped  into  two  classes  -  the  propeller  types  (Tilt  Wing,  Tilt  Propeller, 
and  Extended  Flap)  and  the  jet  types  (Fixed  Jet  and  Lift  Fan).  These 
groupings  are  used  wherever  possible 

V/STQL  Conditions  and  Assumptions 

A.  General  Conditions  and  Assumptions 

1.  Runway  length  -  1000  ft.  maximum. 

2.  Obstacle  heipht  -  50  ft. 

3.  Sea  level,  standard  day  conditions. 

4.  Ground  friction  coefficient  =  .2, 
equivalent  to  a  plowed  field  or  sdnd. 

5.  No  ground  effect. 

6.  The  climb  out  phase  of  the  STOL  flight 

path  is  accomplished  at  constant  forward  speed, 

7.  An  average  airfoil  section  is  used  for  lift  and 
drag  estimates. 

8.  Flap  deflections  aro  held  constant  and  at  a 
maximum  unless  otherwise  specified. 

9.  The  tail  trim  fan  has  a  maximum  thrust  capability  - 
1C#  of  the  main  propulsion  thrust.  655^  is  used  for 
trim  and  355f  is  used  for  maneuver. 

10.  Each  configuration  has  a  total  length  of  100  ft. 

11.  Maximum  forward  acceleration  during  the  rround  run  is 
limited  to  approximately  1.2  g's. 

12.  The  forward  speed  ^or  climb-out  is  the  minimum  speedy 
where  there  is  about  .7  g's  vertical  acceleration 
capability  when  the  aircraft  ir  trimmed  in  the  horizontal 
direction. 
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13.  RATO  assist  is  used  only  during  the  ground  run, 

1/,.  RATO  units  are  turned  on  during  the  latter  portion 

of  the  ground  run  to  minimize  the  required  runway  length, 
15,  The  net  lift  to  gross  weight  ratio  is  1,3, 

R.  Individual  Configuration-Properties  and  Assumptions 

1.  lilLSlBE 

a*  =  ,  propulsive  end  static  propulsive  effi- 

.  ciencies  including  transmission  losses, 

b.  0-15  deg, /sec.,  angle  between  thrust  vector  and 

horizontal, 

o.  No  RATO  assistance  is  required, 

d,  =  10°,  thrust  tilt  angle  during  ground  run, 

e,  k^  =  1,0  ,  factor  accountin''  for  wing-propeller  inter¬ 

ference  losses, 

2.  Tilt  Prowler 

a.  n  =  =  .7 

b.  Vertical  drag  =  ,1  W,  lbs;  k?  =  ,9 

c.  1  RATO  unit  required, 

d.  The  fuselage  is  rotated  during  transition 

instead  of  the  propeller  masts,  ©C  f  =  20  ,  fuselage 
angler  f  attack  with  resnect  to  horizontal, 

e.  %  =  48  ,  propeller  normal  force  is  included 
because  of  high  required  Q  , 

f.  0  =  0 

g.  The  outboard  section  of  the  wing  is  assumed  to 
rotate  with  the  propeller  for  simplicity, 

3.  Extended  Flap 

a.  =  .7 

b.  The  flow  turning  losses  are  assessed  to  be 
10^  of  the  propeller  thrust;  Y-y  -  ,9 

c.  No  RATO  assistance  i3  required, 

d.  A  variable  wing  incidence  range  of  20°  is  required, 

•  , 

e.  0  =  10  deg, /sec. 

0O  =  27C 


f. 


4.  Fixed  Jet 


a.  e  =  11.3° 

0 

b.  -  0°,  fusclaae  angle  of  attack  during  ground  run. 

c.  Two  RATO  unite  in  parallel  are  required. 

d.  ve  ;=  1500  ft. /sec.,  exit  downwnsh  velocity. 

e.  Induced  lift  loss  in  forward  flight  is 

assessed  to  be  5%  of  T^,  lbs.  ,  the  vectored  jet  thrust. 

f.  k^  =  loO 
5.  Buried  Fan 

a.  The  lift  fans  are  assumed  to  be  ineffective  for 
the  STOL  take-off  and  therefore  the  take-off  is 
accomplished  using  the  installed  Jets  in  combin¬ 
ation  with  3  RATO  units. 

b.  One  RATO  unit  is  used  for  the  first  4  seconds  and 
2  RATO  units  are  used  in  parallel  for  the  last  4 
seconds  of  the  ground  run. 


d.  k?  =  1.0 

C.  Discussion  of  Assumptions 

Considering  part  A,  Items  1  through  3  are  stipulated  by 
Reference  I  3  ,  while  Items  5  through  10  are  used  for  simplicity.  Item 
4  is  considered  a  reasonable  representation  of  the  expected  runway  con¬ 
ditions.  Item  11  is  considered  as  being  the  upper  limit  of  forward 
acceleration  within  the  envelope  of  limit  structural  design  loads  for 
transport  type  aircraft.  Item  12  is  the  criteria  established  to  deter¬ 
mine  Vc  and  insure  a  fair  climb  acceleration  so  that  the  climb-out  phase 
of  the  STOL  take-off  would  require  less  horizontal  distance  than  the 
around  run.  Item  12  is  assumed  to  effect  safety  into  the  STOL  operation. 
If  the  RATO  units  were  used  for  the  transition  and  climb-out  phases  and 
failed  during  one  of  these  phases,  a  crash  would  unavoidably  occur. 
Hov/evoi ,  when  the  RATC  assist  is  limited  to  the  ground  run  phase  only, 
Should  it  fail,  the  take-off  can  be  aborted.  Decelleration  is  accom¬ 
plished  on  the  ground  using  the  full  benefit  of  the  ground  resistance 
force.  No  horizontal  distance  must,  be  expended  to  lose  altitude  before 
the  around  resistance  fore-  can  come  into  effect.  Item  14  is  obviously 
the  most  optimum  way  to  employ  FATO,  Item  15  is  required  to  injure 
hover ina  and  control  capab  lity  at  altitude  and  temperature  conditions 
other  than  sea  level. 


Tho  assumptions  of  p  »  r  t  B  refloct  the  characteristic  diff¬ 
erences  of  the  configurations.  For  instance,  the  time  for  transition 
should  be  as  snail  as  possible.  Thus,  the  0  or  should  be  as  large  as 
possible.  However,  each  configuration  has  a  differnt  ^  -  60  =  A  0 
requirement,  some  large,  some  small*and  small  A  0  requirements  allow 
relaxation  of  the  high  #  requirement,  in  favor  of  mechanical  simplicity. 
Consequently,  the  Tilt  Wing  has  a  large  A  0  requirement,  and  thus,  0 
is  relatively  large  (Bib).  The  Tilt  Propeller  and  Extended  Flap  have 
small  A©  requirements  and  5  is  small  (B2d  and  B3e).  In  fact,  for  the 
Tilt  propeller,  A  0  is  essentially  zero;  the  fuselage  is  rotated  instead 
of  the  propeller.  A  small  wing  tilt  range  is  required  for  the  Extended 
Flap  configuration  in  order  to  rotate  the  wing  into  a  favorable  position 
without  havinr  to  rotate  the  fusrlare  when  it  is  in  the  proximity  of 
the  ground  (33d). 

Three  configurations  have  significant  losses  connected  with  the 
interaction  of  the  thrust  producer  and  the  wing.  The  Extended  Flap  has 
about  a  1(#  turning  loss  when  converting  the  propeller  induced  flow  into 
lift  (B3b^  (see  Reference  10) ,  The  Tilt  Propeller  configuration  has  a 
large  vertical  drag  loss  in  hover,  estimated  to  be  about  1056  of  hover 
thrust  (B2b).  The  Fixed  Jet  configuration  has  an  induced  lift  loss  in 
forward  flight  assessed  at  5^  of  the  maximum  vertical  Jet  thrust.  The 
interaction  of  high  induced  velocities  perpendicular  to  and  in  the 
vicinity  of  the  winnr  with  the  forward  velocity  are  the  cause  of  this 
phenomenon  (B4e)  (see  Reference  9). 

All  the  fuselage  angles  during  the  ground  run  (Ble,  B2f,  B3g 
B4b,  and  Bfc)  are  obviously  snail,  but  are  generally  inclined  in  the 
direction  of  trim  attitude  in  the  climb-out  phase  in  order  to  reduce  the 
time  for  transition. 

Finally,  it  is  generally  well  known  that  no  theory  has  yet 
been  developed  to  realistically  describe  the  performance  of  a  lift  fan 
in  forward  flight.  To  date,  experimenters  have  had  to  rely  on  model 
and  full  scale  test  data  to  understand  this  concept.  This  data  has 
shown  the  rapid  washout  of  horizontal  force  with  forward  speed.  This 
makes  it  difficult  to  trim  the  aircraft  horizontally  at  the  speeds  re¬ 
quired  for  climb- out  without  using  extremely  large  louver  angles.  These 
large  louver  ancles  throttle  the  fan  and  consequently  the  lift  is 
greatly  reduced.  In  view  of  these  limitations,  it  was  assumed  for  this 
analysis  that  a  pure  jet  teke-off  with  RATO  assist  would  be  the  best 
procedure  ror  a  STOL  take-off  (see  Reference  It), 


1  so 


;r.l  Development  oj 


A .  General 


Propeller  plus  transmission  efficiency  is  defined  as: 

Tm»/qHP 

h  ■  T^rosa-hi  -  h  (175) 

*1  630  ©HP  1°  UO; 


(S^e  Figure  io  ) 


Thrust 


t  -  Airfi.-ft? 


For  the  static  condition: 


Xs 


(Ref,  Par,  Bla(B2*(B3a)  (176) 


The  induced  velocity  through  the  rotor  using  momentum  theory  is:  (177) 

yB.  (  ^icoafl -3^.1 


(See  Figure  c~ 


The  local  fVv  about  the  vi.nr  assuming  a  fully  developed  slipstream  (Vt)  Is: 


V=  (2  +  vt  'hm  (x  t  vt  cose'f' 

mm 
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The  anc’le  of  a  t  *„•>  r'r:  of  tie  m  *  '  :  n  'o-  01  nation 
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whore 


Resultant  Velocity 


0S=  <«n~'  g-fVt 

^  X  •t'V^  co; 
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Section  Reference  Line 


Flrurc  6 7  -  Wing  Local  Airflow 


local  ^lw  about  the  wing  as  described  by  Figure  67  and 
equations  17?  and  3^0  is  not  compatible  with  classical  lift  theory  lie- 
cause  the  mss  of  air  driven  by  the  propeller  is  not  the  same  as  that 
assumed  by  classical  theory*  Consider  Figure 68. 


/  u 


Figure  66  -  Mass  Flc\.'  of  Air  Affected  by  Propellers 


The  classical  lift  theory  assumes  that  a  mass  of  air  equal  to  a  circle, 
whose  diameter  is  equal  to  the  win^  span,  is  accelerated  downward  to 
produce  lift.  However,  it  can  be  seen  from  Fi mire  68  that  the  mass  of 
air  affected  by  the  propellers  is  considerably  les3  than  the  assumed 
value.  Therefore,  a  0 or re c Lion  in  the  form  of  a  ratio  of  masses  must 
be  applied  tc  the  lift  drer-  coefficients  cf  the  airfoil  section 
when  rsin<~  equation.-  1  end  *o  do  term  ne  lift  and  drag.  These 
corrections  take  the  forr 


ratio  of  nvu.no. 


1 


Cl 


Corr*ct«d 


O  corrected 
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For  the  assumed  airfoil  data  see  References  1,  7  and  l6.  InReference 
6  ,  k  is  shown  to  be  a  function  of  the  so-called  slipstream  thrust 
coefficient  T"  and  is  shown  in  Figure  12  , 

For  a  more  rigorous  treatment  of  this  subject,  see  Reference  6  • 

B.  The  Ground  Run: 

The  forces  acting  on  the  aircraft  as  it  accelerates  down 
the  runway  are:  (See  Figured  ).  (182) 

ZFh  =  "Tcos  ®  COSo^-HiN^-E }e-Ce(F*s+  F^) 

(183) 

X  Fv  =  T  *1 M  6  -  D*  Smots  +  L  COS  ^  -  V*b  -  -  (Fh»  +  pMj) 


Since  acceleration  down  a  runway  is  usually  accomplished  at  maximum 
power  available.  the  maximum  thrust  available  for  acceleration  is  found 
from  equations  175  and  177  assuming  that  the  propeller  and  transmission 
efficiency  remain  essentially  constant  in  the  low  speed  flight  region. 
When  the  available  thrust  verses  JL  for  constant  power  is  determined j 
it  is  found  that  this  relationship  is  essentially  linear  with  up  to  a 
speed  of  approximately  60  knots. 

T  a  -  b,  i  (184) 

where  T0  is  the  static  thrust  and  k-j  the  slope  of  the  linear  function. 

Due  to  the  dynamic  pressure  of  the  propeller  downvash  over  the  wing  in 
low  speed  flight  the  propeller  aircraft  do  not  have  to  accelerate  to 
high  forward  speeds  to  obtain  lift-off  capability  and  hencejwing  and 
fuselage  drag  forces  are  small  compared  to  the  other  forces.  Also, 
since  the  thrust  tilt  angle  is  relatively  low  and  always  greater  than 
^*•5  the  product  of  L  si*'  is  also  small.  Using  the  above,  sub- 
si  tut ing  equations  lPjhnd  134  into  equation  182*md  rearranging: 

Again jt.ho  product  of  C^L  cos  o<^is  snail  compared  to  the  other  forces 
end  ca.n  be  neglected.  Finally,  dividing  through  by  W0/g  and  introducing: 


^3=  Wo/w 


the  overload  factor 


-(b, 9/w)(cos  e  +c^  sine) 


S  -  (T0/w)(cose  +  cf  sin©) 


1  r>  lJ 


Note  that  T0  is  determined  by  the  hover  condition  where J 


(Ref*  Par‘  A15^ 


(184a) 


k  accounts  for  the  vinp-propeller  interaction  and  the  equation  takes 
the  form : 


X+Oe/Ox  -  3/*^+$  -h  (Ref.  Par.  Ble, 

P2b,B3b) 


(185) 


The  solution  of  this  equation  for  the  initial  conditions  of  X=  ^ 
and  %  =  Xo  determines  the  characteristics  of  the  motion  for  the 
pround  i*un.  (186) 


The  approximate  optimum  0  for  the  ground  run  can  be  obtained  by  taking 
the  partial  derivative  of  X  with  respect  to  0  and  minimizing.  The 
resulting  0  becomes; 


e-  i&n 


i 


(188) 


It  must  be  noted  that  the  physical  restriction  of  propoller  ground 
clearance  may  limit  the  minimum  0.  However,  it  is  obvious  that  0 
should  be  low  as  possible  but  not  lover  than  the  an^le  given  by 
equation  18&.  (Bid,  B2e,  B3f,  B4a) 


If  RATO  is  used  during  acceleration,  Tp  is  increased  by  the 
amount  of  the  RATO  force,  this  force  should  act  at  an  a^gla  given  by 
equation  133,  Note  that  RATO  units  can  be  used  in  series  and/or  in 
narallel  for  4.15  seconds  duration.  (Blc,  B2c,  B3c,  B4c,  B5b). 


C.  Vertical  Acceleration  At  Maximum  Horsepower: 

As  was  explained  earlier,  accelerated  climb  is  investigated 
to  determine  at  what  minimum  3peed  V^^there  exists  a  rood  climb  potential. 
To  carry  out  this  examination,  equations  175  «  177r  ^e  w*v»d  to  determine  the 
thrust  available  for  various  X  and  B.  Fquaticns  181  &182  are  then  used  in 
conjunction  with  the  abovet  results  to  find  tho  horizontal  trim  (X  =  0) 
and  0^  for  variour  B  when  %  -  Vc#  Using  equation  1 '"^modified  to  reflect 
a cceleration; 


(189) 


The  vertical  acceleration  potential  and  the  maximum  rate  of  climb  can  be 
determined  for  maximum  never.  Obviously,  this  prooeedure  13  iterative. 
With  this  information  it  is  now  possible  to  calculate  transition  from 
pround  acceleration  to  maximum  B. 


D.  Tranaitlon  Phase 


The  transition  phase  of  the  STOL  flight  path  is  defined 
as  that  phase  where  the  moveable  thrust  vector  or  the  fuselape  ie  ro¬ 
tated  from  its  ground  run  attitude  to  its  climb-out  attitude.  The  time 
for  transition  depends  on  the  values  of  0  required  for  pround  accelera¬ 
tion  and  vertical  acceleration,  and  the  tilt  rate  capability  of  the  air¬ 
craft.  (B2d,  B2g,  B3d) 

Explicitly,  the  time  for  transition  is: 

*o, =(»,-*»)/«  <190> 

0  is  the  tilt  rate  (Bib,  F2f,  B3e) 

Unlike  the  pround  acceleration  condition,  where  an  explicit 
solution  for  the  resulting  motion  is  possible,  an  approximate  solution 
must  be  used  here.  The  approach  choosen  assumes  a  linear  variation  of 
forces  from  the  pround  acceleration  value  to  vertical  acceleration  value. 
In  Figure 69  this  linear  variation  is  shown  as  the  solid  line* 


Figure  g&  -  Time  Variation  of  Horizontal  and  Vertical  Accelerations 

During  Transition 

At  some  time,  t  ,  before  is  reached  at  V.^,  the 
tiltin  r  begins.  Khoving  the  t?me  for  transition  from  equation  390  and 
using  the  following  equations,  V^q  can  be  found.  Also,  the  resulting 
distances,  plus  the  climb  velocity,  can  be  found  for  this  time 
period. 


(191) 

A*to,=  Vuo(to,)4  \MGtufaf 

(192) 

(lq3) 

(194) 

V/! 

'Tow  that  VjjQ  ^  known,  the  tiir.e  for  the  ground  run  can  be  de¬ 
termined  from  equation  15*6  and  the  distance  required  to  accelerate  to 
Vj£  from  equation  1557, 

E.  Climb -out 

Just  as  in  the  case  of  the  ground  run,  the  summation  of 
acceleration  forces  for  climb  at  constant  forward  speed,  Vq,  are  found 
to  be  essentially  linear  with  z,  see  Figure  7  0  ,  Recall  that,  the  vertical 
acceleration  capability  has  already  been  determined,  lift  as  a  function 
of  i  for  JC  =  V  .  To  derive  the  equations  for  the  explicit  solution  for 
climb-out  i  t  is  necessary  to  modify  equation  135  to  account  for  the  forces 
in  the  vertical  direction  an  follows.  Using  equations  183  &  189  determine: 


which  is  the  exact  form  of  equation  135*  The  solution  of  equation  197 
has  the  exact  form  as  equations  186  and  187, 


The  incremental  time  required  to  climb  over  the  50  ft,  obstacle, 
t^,  can  be  obtained  from  equation  198  Q.93) 

SO,  -  [(i-e ; 

Knowing  the  time  required  for  climb -out*  the  horizontal  dis¬ 
tance  covered  during  this  portion  of  the  flirht  path  is: 

AX-t/2  2  (199) 


F.  The  Tote1  Required  Runway  length 

The  tot;  1  required  runway  length  is  the  sun  of  all  tho 
horizontal  distances  required  for  the  various  phases  of  the  STOL  flight 
nath  plus  one  aircraft  len'-th  (100  rt»). 
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The  desired  ov^r 
200  is  numerically  equal  to  1°00  rt. 


Eq.  |92  *9  9 
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ii.  Jgi.Cflnligm’flUgng- 


The  Jet  configurations'  STOL  performance  is  calculated  in  approx¬ 
imately  the  same  manner ^  (B5a).  Note  that  the  installed  thrust  for  the 

VTOL  mode  is  again  governed  by  equation  184*,  (B4f,  B5d). 

A.  The  Ground  Run 

The  decrease  in  jet  thrust  with  forward  speed  in  approximately 
linear  up  to  about  150  knots.  Therefore,  the  ground  run  characteristics 
of  the  jet  are  similar  to  that  of  the  propeller  aircraft.  Equations  181 
through  138  annly  along  with  the  previously  mentioned  assumptions.  It  is 
noted  that  even  though  is  twice  that  for  the  propeller  configurations 
(approximately  200  fps),  the  forces  due  to  lift  and  drag  are  still  reason¬ 
ably  small. 

There  is  an  additional  drag  and  lift  term  that  must  be  added 
to  equation  132to  account  for  the  jet  lift  producer.  The  additional  drag 
term,  called  momentum  drag,  evolves  from  the  fact  that  the  air  fldwiAg 
through  the  lift  producer  must  be  accelerated  up  to  the  forward  speed  of 
the  aircraft.  This  drag  ha3  the  form. 

^8TVVe  (Ref.  Par.  B4d)  (201) 


Note  that  this  term  is  a  funtion  of  'k  and  is  incorporated  in  the  y*o 
coefficient  of  equation  185 when  a  jet  lift  producer  is  used.  The  lift 
term  is  a  constant  but  must  be  reduced  according  to  assumption  B4e. 

B.  Vertical  Acceleration; 

„  Vertical  Acceleration  capability  is  determined  for  horizontal 
trim  (%~  0)  for  different  V  ,  Three  unknowns  are  found  from  this  cal¬ 
culation,  First,  the  Vc  needed  to  give  a  reasonably  ,  second,  the 
variation  of  Z  with  &  and  last,  the  required  during  climb-out. 
Equations  182  &  183,equationlB3being  modified  by  equation  189,are  used 
for  this  calculation.  The  local  wing  angle  of  attack  to  be  used  is: 

+/*&  -  y  (202) 


m. 
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Firure  71  ~  Local  Wing  Analo  of  Attack 
C ,  Transition 

The  tine  for  transition  depends  on  the  values  of  f  for 
ground  acceleration  and  vertical  nccelomt '  on,  and  the  ',ote  that  the 
firelage  can  be  rotated  in  pitch.  The  pitching  rate  depends  upon  the 


moment  of  inertia  and  the  thrust  produced  by  the  tail  fan  multiplied  by 
the  tail  length  (from  the  center  o'*  the  fan  to  the  center  of  gravity  of 
the  aircraft).  Recall  that  only  35^  of  the  fen  thrust  is  used  for  man¬ 
euvering  (A9).  Therefore: 

£.£o=  322Qfe<£i  -  <Xfo)X> 
ho 


(Ref.  Par.  (203) 

B4db,R5c) 


1  A  step  by  step  analysis  using  one  second  intervals  from  t0  to 
t^,  i3  used  to  calculate  the  flipht  path.  The  forces  are  evaluated  at 
the  average  velocities  during  each  interval  usina  an  iterative  technique. 

Transition  berine  at  t  which  is  U  -  t  seconds  before  V  is 
reached.  The  velocity  at  this  t?me,  tQ,  is  an§  is  calculated  byc 
equation  1S6.  A  change  in  £  and  Z  is  assumed  and  the  forces  and  acceler¬ 
ations  are  determined  by  equations  182,193  (modified  by  189),  and  202. 
Equations  191  &  193  are  applied,  drooping  the  subscripts  to  reflect  the 
smaller  tine  interval  beina  used  here.  When  the  iteration  on  and  Z 
is  completed  the  distances  covered  can  be  calculated  by  equations  192  and 
This  procedure  is  followed  until  trensitior.  is  completed.  The  forvard 
velocity  should  now  be  V^,  while  Z ^  and  are  still  small. 

P.  Climb-Out 

All  equations  (D  5 through  199)  and  assumption  of  p  a  r  t  I  2 
are  apolied  to  this  case.  The  climb-out  phase  is  determined  in  exactly 
the  same  nanner  as  in  p  a  r  t  I  E. 

F.  The  Total  Required  Runway  length 

The  completion  of  the  calculation  is  exactly  the  9ame  as 
p  a  r  t  I  F.  The  same  equation  and  conditions  must  be  satisfied  to  de¬ 
termine  the  desired  overload  gross  weight.  As  is  the  case  of  the  pro¬ 
peller  configurations,  this  entire  procedure  must  be  iterated  to  determine 
the  final  overload  gross  weight  that  can  climb  over  a  50  ft.  obstacle  at 
the  end  of  a  1000  ft.  runway. 


KO 


Figure?  72  -  Variation  of  Mass  Correction  Factor  With  Thrust  Coefficient 
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15  -  Panel  Point  Weinhto:  Fuselage 
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Tahlo  IB  -  Weight  Fonsul  ue 


I  tern 

Foinula 

Wing  Group 

w  =  C.OO58R  ( Wllbs/ tR )° ’ ^ 

W  -  Design  Gross  Weight  (LE) 

N  -  Ultimate  Load  Factor  (g) 

,  b  Wing  Span  (FT) 

3  =  Gross  Wing  Area  (SQ  FT) 
tp  =  Root  Thickness 

Tail  Group 

Vertical  S  . i 

Ho  izenta-  J  rf  •  s 
Tail  F 

w  =  2.5  x  Profile  Area  (SQ  FT) 
w  •-  3-0  x  Profile  Area  (SQ  FT) 
v  „  O.lp  x  Fan  Thrust  (LB) 

'  ji  ><  i 

w  -  12,000  (w/iob,ooo)c*  *55 

Align*.  :ng  G"  i  G"C  jp  ; 

w  =  O.OU33  x  resign  Cross  Wt.  (LR) 

Fl  gni  r.jr.*:cls  Group 

w  -  975  *  975  (W/108,000) 

Engine  Section 

w  =  0.179  x  Engine  Weight  (LB) 

Engines 

Turbojet 

Gas  Turbines 

Lift  Jet 

w  =  0.15  x  Engine  Thrust  (LB) 
w  =  0.15  x  Horsepower  (HP) 
w  =  0.125  x  Engine  Thrust  ( LB) 

Air  Induction  System 

w  =  0.0217  x  Engine  Weight  (LB) 

.n)  A  .sumptions 


_ Assumptions _ 

Kr*  fly's  short  fermulu  from  AAF  TR  ^l6l  . 

F'  rt  ul  i  weights  are  in? reused  by  various 
percentage:,  to  all  iw  f  r  swoepbaek,  wing 
tilt,  complexity,  etc. 


Fan  Thru  t  0.1  x  Total  Main  Propulsion 
Thrust  (LB: 


Based  on  a  Sikorsky  formula  modified  by 
weight  data  from  a  large  transport  aircraft 

Rafio  based  on  a  large  transport  alr*roft 


Partial  ratio  bnc<d  on  a  large  transport 


aircraft.  Formula  weight  is  adjusted  to 
allow  for  wing  tilt,  prop  tilt,  eomplexit}, 


Sikorsky  Ratio 


et 


Future  high  horsepower  engines 


Sikorsky  Ratio 


Tnblft  lH  -  Wrlrht  Fornulrc  ••  nd  Assumptions  (  -on  tinned) 


I  tor 

Formula 

A  : sisi.pt j  oris 

Exh-  u.'t  3: s  ten  ; 

w  -  0.028  x  Engine  Weight  (LB) 

Sikorsliy  Ratio 

Lubvic-  ting  System 

■/  -=  0.048  x  Engine  Weight  (LB) 

Sikorsky  Hallo  ! 

Fuel  System 

•./  -  0.01 87  x  Usable  Fuel  (LB) 

Ratio  based  on  a  large  transport  uircroi’t 

E:.gr no  Controls 

\-  -  0.015*1  x  Engine  Weight  (LB) 

Sikorsky  Ratio 

3t  rtiaL  System. 

w  -  0.046*1  x  Engine  Weight  (LB) 

Sikorsky  Ratio 

P  vpe'  1  c-rs/Li  't  Fans 
Propel  le  s 

Lift  Fan 3 

w  -  0.21  x  Horsepower  (HP) 
w  =  0.15  x  Fan  Thrust  (LB) 

Constant  Activity  Factor  &  Power  Loading 

Di'ive  System 

Fixed  Jet 

pPiit  Jing,  Extended 
<  Flap  &  Tilt 
(j’ropeller 

I  Buried  Fan 

w  =  0.05  x  Engine  Weight  (LB) 

w  =  1.25  x  Engine  Weight  (LB) 
w  =  0.l4  x  Lift  Fan  Weight  (LB) 

Sikorsky  Ratio 

Sikorsky-  Ratio 

Sikorsky-  Ratio 

Auxiliary  Power  Plant 

w  =  160  +  80  (Engine  Wt./4200) 

Partial  Sikorsky  Ratio 

Instruments, 
Electronics  and 
Electrical  Groups 

Constant  at  4912  LB 

Based  on  a  large  transport  aircr.oi’t  * 

Hydraul ic  Group 

1  w  -  323  +  82  (w/108,000) 

Partial  ratio  based  on  a  large  transport 
aircraft 

Furnishings 

Constant  at  1812  LB 

Ai  r  Ccnd iti on j ng 

Constant  at  310  LB 

Table  18  -  Weight  Formulae  <md  Assumptions  ( conti nuecl ) 


Item  j 

Formula 

Assumptions 

Anti-Icing 

w  =  0.001*7  w  +  10 

Partial  rutio  based  on  a  large  transport 
aircraft 

Auxiliary  Gear 

v  =  0.0013  x  Design  Gross  Wt.  ( LB) 

Sikorsky  Ratio 

Crew 

5  at  2U0  LB  Each 

In  accordance  with  HIAD 

Payload 

Constant  at  20,000  LB 

Fuel-Unusable 

w  =  0.0086  x  Usable  Fuel  (LB) 

Sikorsky  Ratio 

Fuel-Usable 

Determined  Aerodynamically 

Oil-Usable  &  Unusable 

Constant  at  hj2  LB 

Based  on  a  large  transport  aircraft 

Miscellaneous 

Constant  at  16  LB 

Flares 

1  'o 


Prr-rnt.rd  heroin  'vr  'if'  ~ctlocs  employed  in  calculatin'*  the  "o  c 
shapes  and  frequencies  of  *h<  fuse  lape  -n  vin<~  structure  of  the  5  V/STOL 
configurations.  The  analysis  was  conducted  utilizinr  matrix  iteration 
method"  in  an  IBM  digital  computer  propram,  The  followinr  cisucssion 
describes  the  procedures  used  in  arriving  at  the  solution, 

After  determining  the  ~ar.el  point  mass  distribution  (Ref,  Section  II 
and  /ppendix  III,  Tabled,  lo)  the  mass  matrix  DO  can  be  formed.  Since 
the  fu^ela^c  bendinr  and  torsional  riridities  arc  knov'n  (Ref,  Section  II 
and  Fimg.  11,  12,13,1^1^  )  the  influence  coefficients  for  the  previously 
"entioned  panel  points  can  be  calculated. 

The  fuse  lame  absolute  coordinates  are  now  written  in  terms  of 
relative  coordinates  since  the  system  must  be  transformed  to  a  common 
energy  plane.  Introducing  dummy  or  ipnorable  coordinates,  vhich  are 
taken  at  the  Junction  of  the  fuselare  and  winy  root,  the  transformation 
matrix  OO  is  formed.  The  i<~norable  or  ririd  body  coordinates  ere 
found  in  the  last  row  of  this  -atrix,  The  following  diarram  defines 
some  of  the  terms  and  the  sipn  convention  used  in  this  analysis. 


-  Schematic  of  Fuselage  Pant  1  holuts 


Firure  7  3 


The  eq’~tions  for  the  kinetic  and  potcnti'l  merry  and  4 he-  equations 
’escribin'”  the  panel  point  notions  are  as  follovs! 


4 PC  •  [ $][*§{$} 

l<  *  l  +  gjA>  +  (' 

tz-  Jl  +  Ql  +  ge 

fa*  *3 +  h 

•  •  •  • 

•  •_  _  •  #_ 

%n-t  ~  +  &jL  %nmi 

.  g»  ~  §  +  ®  *»  +  $n 

~  fx.  fuselage  ignorable  coordinate. 


(204) 


(205) 


(206) 


'here 


<%=  ei 


f’u'elcrc  ie-norabl e  coor'lnate 


^/25  ••••  n 

n 

M 

U3  ••••n 

ye 

ni  *3  ••••n 


-  absolute  fuselape  coore'inates. 

=  relative  fuselape  coordinates. 

=  lumped  masses  assigned  to  fuselape  stations. 

=  spring  constants  assigned  to  fuselape  stations. 


In  matrix  * 


HHHSffiHHHn 


r y  •  1 } .  I  r  r '  r  ^  v  r  i 1 


{?}  ■  w  ® 


(x)  *[>]{?} 


;  .l  n  u 

l — i 

II 

s 

(209) 

from  v/hich 

£ 

(210) 

The 

matrix  mu 

generalized  mass  r^trjx  is  determined  by  carrying  out  the 
Implication  \_M-  j[jMJ  which  yields  the  f  |7l  J 

matrix . 

Let 

\jj-  ]|m]  ■  [m] 

(211) 

then 

■'‘12) 

Applying  Ic^renre's  equation 

4rr  (  -  aiflt  +  22Z  =  0 

^  if  n 

(213) 

[kJ[^  so 

(214) 

A  s  sums 

3 

II 

(215) 

then 

-  ud  [m  J  +  [k]  {«}  *  0 

(216) 

The  problem  nov  existing  is  that  the  generalized  mass  matrix  is 
not  compatible  with  the  QK**J| matrix,  being  larger  by  rows  and  columns 
equal  to  the  number  of  ignorable  coordinates.  The  coordinates  ore  sep¬ 
arated  by  partitioning  the  matrices  no  as  to  separate  those  portions 
that  contain  imor^ble  coordinates. 


—  LU 


I 

o*  i  (3 

"""•  "s 


PT 


(217) 


“ “  «■"! 

.  5,_ 

i 

K  1  o 
- —  - 

Q.2 

O  *  o 

1  J 

=  O 
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Solvirr  the  simultaneously  equations  for  Q,  on  ly: 

[«-.  {a}  +  4{«2}]  +  [kJq,}  =  o 

\_P  I'S'}  + 

{y,)=  -/e'(o,}r' 

t  «{q,}  =o 

-<^’[=*-,4  £->'£5,]]  +  k{<5.}  =° 

'fJcr  reduction  of  ""he  generalized  nans  matrix,  equation  318  is  obtained. 

&{«,}=  (21- 

\:tcvc  TmI  in  the  reduced  renerelized  mam  matrix. 


node  chape 


[m]  {q,> 

ynlv’-n  r/irriv  vr 


{5,} 


is  assured  and  the  multiplication 
is  performed,  formalizing  the  resulting 


folurn  matrix  "ivr  s  a  new  mode 


{*.} 


The  operation  is  repeated 


until  the  normalized  mode  converges  "on  its  previous  value.  The  funda¬ 
mental  frequency  is  also  obtained  at  conversance  of  the  mode.  Higher 
~occs  are  extrreted  by  application  of  the  orthogonality  principle  as 
each  successive  rode  is  solved. 


The  rcnu]ts  of  this  analysis  are  shown  in  Table  15  where  the  modes 
',nd  frequencies  are  given  for  the  wing  cantilever  and  free  aircraft. 
Pir's.  7  -  ;3  show  plots  of  the  fir-t  three  model  shapes  of  the  wing  and 

fuselare  for  tho  free  aircraft  and  Fig.  79  shows  the  bending-torsion 
mode  shapes  of  the  wing  and  fuselere  for  the  cantilever  wing. 
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NOit  0{w/Kti»mOS£  NKliit  W'A/Zh  HP  NJi'£  NO^iE.  t *JOSi 

dovjn  rad/in  up  down  rad/ in  up  dov/n  rad/ in  up 


SE  <X\*//h  t.p  NOSE  NO-SE  cxW/Ktip  NOSE  WOS  E  'V\A///it^ 

>WM  f?AD/  IN  UP  DOWN  RAO/IN  HP  OOu>  M  RAD/iN 


I^T  MODE 
*,=  O.T1-CP5 


MODE 
0. 74  C  PS 


.002, 

.001 

c 

.001 
*2  .ood 


52  a 


f,  •  0.  <2  CPS 


WING  STAT|  ONI —  INCHES 


Cantilever  Fundan*  ntaj  ’lntf  Bendinr-'I 


rsion  M'xlef 


'-0  0 
M 

>POIO 

tl 


id. .010 

& 

z 

<2  o 

8 

,-.Q0fi 

l»l» 


(ccn 
”i 
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Tabic  19  -  C  urinary  of  V’bration  •  r.t 


Aircraft 

Conf iguration 

(v?u) 

Analysis 

Condition 

nn c  Vrc(  vc^cy 

—  v  1  ’ 1  J 

2nd  Wmg 

Bend ing 

2nd  Wing 
Torsion 

L  .  use lag e 

Bend  Lig 

r  Ixod 

Jet 

C.  •*  172,000  lbs. 

Cantilever 

0.94 

1.05 

3.04 

Mol 

r.couircd 

* 

Cot 

Applicable 

roc  Aircraft 

1.11 

2.12 

3.75 

4.50 

-  4 

-  _  ^ 

Wing  Cantilevor 

0.74 

1.51 

## 

2.^8 

Wot 

Applicable 

'  r* 

i  =  223,000  lbs. 

Tree  Aircraft 

0.93 

1.60 

* 

2.90 

4.10 

ended 

Wing  Cantilever 

0.62 

1.22 

3.23 

2.23 

Mot 

Applicable 

-  j  tip 

G.W,  =  .163,000  lbs. 

Tree  Aircraft 

0.78 

1.20 

3.39 

to 

• 

ci 

4.31 

Tilt 

Wing  Cantilever 

2.02 

1.16 

5.13 

Mot 

Required 

Hot 

Applicable 

a  TOp 

G.W.  s  300,000  lbs. 

|Frce  Aircraft 

1.88 

2.80 

6.48 

# 

to 

• 

l<\ 

_ 

Buried 

p  n 

Wing  C-  .tilever 

2.16 

. 

3.66 

tf* 

5.30 

Mot 

Applicable 

1  Oil 

G.W.  =■  >53,000  lbs. 

Free  Aircraft 

2.29 

3.50 

* 

5.37 

4.20 

Motes:  #  Ilode  docs  o. -t  appear  in  the  first  four  natural  frequencies  and  thoreforo  is  omitted. 

Wodo  docs  .  it  appear  in  the  first  three  natural  frequencies  and  therefore  is  omitted. 
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